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The summit pokes out 
Of meaningless clouds 
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INTRODUCTION
Nitrous oxide (N2O) is a potent greenhouse gas contributing to climate change through 
global warming and stratospheric ozone depletion (Ciais et al., 2013; Ravishankara et
al., 2009). Soils under agricultural and natural vegetation are the largest anthropogenic 
and natural N2O sources, respectively, and the two main processes contributing to N2O 
formation in soils are denitrification and nitrification (Ciais et al., 2013; Reay et al.,
2012). Plants strongly affect N cycling and N transformation processes in soils (Knops
et al., 2002; Moreau et al., 2019) and may thus have a strong impact on denitrification
and N2O emissions in particular.
Denitrification is the sequential reduction of nitrate (NO3-) to nitrite (NO2-), nitric oxide 
(NO), nitrous oxide (N2O), and dinitrogen (N2) by bacteria, archaea, and fungi (Zumft, 
1997). The prerequisites for denitrification are low O2 partial pressure (pO2) and 
availability of NO3- and a degradable organic C source, soil pH>4, and temperatures 
above 0 °C (Focht and Verstrate, 1977; Knowles, 1982; Payne and Grant, 1981). When 
pO2 in soil decreases, denitrifying microorganisms use NO3- as an alternative electron 
acceptor in their respiratory chain to break down organic compounds (Zumft, 1997). 
Actively growing plants take up mineral N from soil competing with soil microorganisms
for inorganic N (Kuzyakov and Xu, 2013). Although competition for N is highest in direct
vicinity of the roots, the rhizosphere is densely colonized by microorganisms due to its
higher C availability from rhizodeposition, dying roots and root hairs (Nguyen, 2003). At 
the same time, plants roots influence distribution of water and pO2 in soil (Rudolph-
Mohr et al., 2017). Thus, growing plants affect the main controlling factors for 
denitrification, substrate availability (i.e. NO3- and Corg) and pO2 (von Rheinbaben and 
Trolldenier, 1984). After harvest of crops, large amounts of roots remain on the field.
Furthermore, aboveground residues (leaves, stalks, straw) and catch crops, which are
grown after harvest to prevent nutrient loss through leaching and erosion, are often
incorporated into the soil to increase soil fertility. However, plant residues provide
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substrates for decomposing and denitrifying microorganisms and lead to increased CO2 
and N2O emissions (i.e. Chen et al., 2013; Novoa and Tejeda, 2006). Addition of easily 
degradable C increases microbial respiration and limits O2 availability, which may lead 
to the formation of plant-litter-associated hotspots for denitrification (Chen et al., 2013; 
Kravchenko et al., 2017; Miller et al., 2008). The effects of plant residue addition on 
N2O production depend on C and N input and litter quality (Chen et al., 2013; Millar and 
Baggs, 2004; Novoa and Tejeda, 2006). In detail, litter C:N ratio controls whether N is 
mineralized or immobilized during litter degradation and may thus restrict N availability 
for denitrification. Though plants and plant litter modify soil conditions in numerous 
ways, their effect on NO3- and Corg availability is considered the strongest driver of 
denitrification in planted soils (von Rheinbaben and Trolldenier, 1984). Furthermore, 
the ratio of available C to available N controls the ratio of the gaseous end products of 
denitrification N2O/(N2O+N2) (Firestone, 1982; Morley et al., 2014; Qin et al., 2017).  
In addition to denitrification, soil-emitted N2O can originate from different abiotic and 
biotic processes taking place under various environmental conditions. Abiotic N2O 
formation processes include chemodenitrification, the decomposition of NH4NO3, and 
the chemical decomposition of hydroxylamine (NH2OH). The importance of the first two 
processes in natural or agricultural ecosystems is limited (Butterbach-Bahl et al., 2013). 
Hydroxylamine reduction is a side process of nitrification with NO as a precursor of N2O 
(Hooper and Terry, 1979). N2O production via hydroxylamine reduction (i.e. nitrification) 
may be enhanced by high NH3, low NO2-, and high N oxidation rates (Wunderlin et al., 
2012).  
Biotic N2O formation processes include heterotrophic and autotrophic denitrification, 
nitrifier denitrification, coupled nitrification-denitrification, co-denitrification, and 
dissimilatory nitrate reduction to ammonium (DNRA) (Fig. 1) (Baggs, 2011; Butterbach-
Bahl et al., 2013; van Groenigen et al., 2015). Denitrification mainly contributes to N2O 
formation when soil moisture increases over 60% WFPS, with a shift to N2 in soils over 
80 % WFPS (Davidson, 1991; Linn and Doran, 1984). In addition to bacteria, fungi are 
7
also capable to denitrify (Laughlin and Stevens, 2002; Maeda et al., 2015), but often 
lack the N2O reductase (Nos), thus, the end product of fungal denitrification is mostly 
N2O (Takaya, 2009). In general, fungi are seen as major contributors to denitrification 
under oxic and weakly anoxic conditions, while bacterial denitrification predominates 
under strongly anoxic conditions (Hayatsu et al., 2008; Lavrent’ev et al., 2008). 
Furthermore, denitrifying archaea and aerobic denitrifying bacteria have been reported 
but their contribution to denitrification in soils is not fully known yet (Cabello et al., 
2004; Ji et al., 2015; Philippot, 2002; Takaya et al., 2003).  
 
Fig. 1. N pools (black boxes) and microbial transformation processes (white boxes) in soil 
(Wrage-Mönnig et al., 2018). Solid arrows represent pathways, dotted lines the production of 
possible by-products (DNRA: dissimilatory nitrate reduction to ammonia). 
 
Nitrifier denitrification, i.e. the reduction of nitrite by ammonia-oxidizing bacteria, is a 
pathway of autotrophic nitrification and has been reported mostly under high NO2-, NH3, 
or urea concentrations and low organic C availability (Wrage-Mönnig et al., 2018; 
Wrage et al., 2001). In contrast, coupled nitrification-denitrification are two separate 
processes by distinct microorganisms. NO2- and NO3- are produced by nitrifiers in oxic 
habitats and subsequently denitrified by denitrifiers in close-by anoxic habitats 
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(Butterbach-Bahl et al., 2013; Wrage et al., 2001). Nitrification requires oxygen and 
only takes place under oxic conditions, while nitrifier denitrification and coupled 
nitrification-denitrification are often found at oxic/anoxic interfaces.  
To quantify total denitrification rates, all gaseous end products, i.e. NO, N2O, and N2 
need to be measured. However, as atmospheric N2 concentration is ~78 %, small 
amounts of soil-emitted N2 can only be quantified in artificial N2-free atmospheres or by 
using 15N labeling. In artificial atmospheres, N2 is commonly replaced by He (Köster et 
al., 2013; Scholefield et al., 1997; Senbayram et al., 2018; Wang et al., 2011), although 
studies in Ar-O2 atmosphere have been conducted (Stefanson, 1970). Elsewise, high 
enrichment 15N labeled NO3- can be added to soils to directly quantify N2O and N2 
produced from the labelled NO3- pool (Hauck and Melsted, 1956). If 15N enrichment in 
the active NO3- pool undergoing denitrification is 40-60 at%, 29N2 makes up 48-50 % of 
N2 produced from this pool and 30N2 16-36 % (Siegel et al., 1982), and can be 
quantified using an isotope ratio mass spectrometer (Lewicka-Szczebak et al., 2013).  
To further differentiate between N2O-emitting processes, stable isotope methods can 
be used. Process-oriented studies often use position-specific labeling (i.e. 15NH4NO3 
and NH415NO3) to separate N2O production from nitrification and denitrification (Müller 
et al., 2014). In natural abundance studies, the isotopic signatures of N2O can be 
determined including bulk nitrogen (δ15Nbulk), the intramolecular distribution of 15N within 
the linear N2O molecule (nitrogen site preference, δ15NSP), and oxygen (δ18O) 
(Brenninkmeijer and Röckmann, 1999; Toyoda and Yoshida, 1999). N2O isotopomers 
can be used to separate bacterial denitrification/nitrifier denitrification from nitrification 
and fungal denitrification (Rohe et al., 2014; Sutka et al., 2008, 2006; Toyoda et al., 
2005; Yu et al., 2020). In addition, N2O reduction to N2 can be estimated from the 
isotopic signature of the residual unreduced N2O fraction (Lewicka-Szczebak et al., 
2017).  
Although denitrification in soils has been studied for many decades and advanced 
methods to quantify total denitrification rates have been available for several years, 
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studies that directly quantify N2 emissions in the presence of plants are still the 
exception. Thus, the overarching aims of this thesis were (i) to investigate how growing 
plants and plant litter affect substrate availability (NO3- and Corg) for denitrification, (ii) 
how the interaction between C and N availability controls denitrification product 
stoichiometry, and (iii) to estimate which processes contribute to N2O formation 
depending on C and N availability. The first chapter addresses the period of active 
plant growth and investigates how growing plants control denitrification through NO3- 
uptake and rhizodeposition. In the presented experiment, the 15N gas flux method with 
high enrichment 15NO3- labeling was applied to estimate plant N uptake, total N2O and 
denitrification-derived N2O+N2 emissions. Simultaneous 13CO2 pulse labeling enabled 
estimation of C translocation from shoots to roots and its release by roots into the soil.  
The second part of this this thesis addresses the post-harvest period. Litter quality and 
available mineral N control mineralization of organic C and N compounds and thus Corg 
and NO3- availability for denitrifying microorganisms. Chapter two concentrates on the 
dynamic of mineralization from litter and soil organic matter, and subsequent CO2 and 
N2O emissions. Further, the soil-inhabiting bacterial community structure was analyzed 
using 16S rRNA gene sequencing. Chapter three is a sequel to chapter two, focusing 
on N2O-emitting processes and the separation of litter and soil organic matter derived 
CO2. Here, incubation in He-O2 atmosphere was combined with the isotopocule 
mapping approach to determine NO, N2O, and N2 fluxes, as well as the contribution of 
N2O-emitting processes. All studies were conducted in the laboratory to enable working 
under controlled conditions and maize (Zea mays L.) was used as model plant to 
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Abstract
Background and aims Plant growth affects soil mois-
ture, mineral N and organic C availability in soil, all of
which influence denitrification. With increasing plant
growth, root exudation may stimulate denitrification,
while N uptake restricts nitrate availability.
Methods We conducted a double labeling pot experi-
ment with either maize (Zea mays L.) or cup plant
(Silphium perfoliatum L.) of the same age but differing
in size of their shoot and root systems. The 15N gas flux
method was applied to directly quantify N2O and N2
fluxes in situ. To link denitrification with available C in
the rhizosphere, 13CO2 pulse labeling was used to trace
C translocation from shoots to roots and its release by
roots into the soil.
Results Plant water and N uptake were the main factors
controlling daily N2O +N2 fluxes, cumulative N emis-
sions, and N2O production pathways. Accordingly,
pool-derived N2O + N2 emissions were 30–40 times
higher in the treatment with highest soil NO3
− content
and highest soil moisture. CO2 efflux from soil was
positively correlated with root dry matter, but we could
not detect any relationship between root-derived C and
N2O +N2 emissions.
Conclusions Root-derived C may stimulate denitrifica-
tion under small plants, while N and water uptake be-
come the controlling factors with increasing plant and
root growth.
Keywords Nitrous oxide . Dinitrogen . Nitrogen
mineralization . Rhizodeposition . 15N 13C labeling .
Carbon cycling
Introduction
Soil conditions for denitrification have frequently been
studied with the main prerequisites being availability of
nitrate (NO3
−) and easily decomposable organic sub-
stances, and oxygen deficiency (Burford and Bremner
1975; Firestone et al. 1979). Growing plants modify all
these parameters, particularly the availability of the
main substrates (NO3
− and Corg) and soil moisture, and
Plant Soil
https://doi.org/10.1007/s11104-020-04750-7
Responsible Editor: Jorge Durán.
Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007
/s11104-020-04750-7.
P. S. Rummel (*) :B. Pfeiffer :K. Dittert
Division of Plant Nutrition and Crop Physiology, Department of
Crop Science, University of Göttingen, Göttingen, Germany
e-mail: pauline.rummel@uni-goettingen.de
R. Well
Thünen Institute of Climate-Smart Agriculture, Federal Research
Institute for Rural Areas, Forestry and Fisheries, Braunschweig,
Germany
B. Pfeiffer
Institute of Microbiology and Genetics, Department of Genomic
and Applied Microbiology, University of Göttingen, Göttingen,
Germany
S. Floßmann : J. Pausch
Agroecology, Faculty for Biology, Chemistry, and Earth Sciences,
University of Bayreuth, Bayreuth, Germany
12
may thus play an important role in regulating denitrifi-
cation in situ (von Rheinbaben and Trolldenier 1984).
Plant N uptake largely controls concentration and
distribution of mineral N in soils. Amounts and rates
of plant N uptake depend on plant species, age, physi-
ological status, root size, and nutritional status. N uptake
rates of maize and cereals remain low during the first
two months of growth, then increase linearly with in-
creasing biomass reaching a maximum around the time
of flowering (Novák and Vidovič 2003, Malhi et al.
2011).
Plant roots contribute to organic C input to the soil
through rhizodeposition and decaying roots and root
hairs. Thus, total and available concentration of Corg is
higher in the rhizosphere compared to bulk soil (Cheng
et al. 1993). The amount of rhizodeposited C and its
quality depend on plant species, age, and development
(Gransee and Wittenmayer 2000; Vancura 1964;
Vancura and Hovadik 1965), and plant nutrient status
(Carvalhais et al. 2011). In general, younger plants
translocate a higher share of assimilated C belowground
than mature plants (Kuzyakov and Domanski 2000;
Nguyen 2003), and perennial plants translocate a higher
share of assimilated C belowground than annual plants
(Husáková et al. 2018; Pausch and Kuzyakov 2018).
C and N availability are closely interrelated in the
rhizosphere: Under low mineral N concentrations, root
morphology is altered, and exudation related to root
mass is increased (Paterson and Sim 1999). In addition,
the composition of maize root exudates is altered under
N deficiency (Carvalhais et al. 2011). On the other side,
N fertilization decreases the portion of below-ground
translocated C (Kuzyakov and Domanski 2000).
Several studies have tried to disentangle the effects of
N and C availability on denitrification with contradictive
results. Higher denitrification rates were measured from
planted compared to bare soil (Senbayram et al. 2020;
Vinther 1984). Some studies showed a strong influence
of roots (Philippot et al. 2009), increasing denitrification
rates with increasing root biomass (Klemedtsson et al.
1987), and higher potential denitrification activity in
rhizosphere soil compared to bulk soil (Hamonts et al.
2013; Malique et al. 2019). Higher denitrification rates
in planted soils have been associated with higher Corg
availability in the rhizosphere (Bakken 1988; Philippot
et al. 2009). In addition, denitrification rates correlated
with soil NO3
− content (Philippot et al. 2009; von
Rheinbaben and Trolldenier 1984). In contrast, other
studies found no differences between planted and
unplanted soil (Haider et al. 1985). Denitrification was
increased only with poorly growing plants (von
Rheinbaben and Trolldenier 1984) or when root bio-
mass started to decrease (Haider et al. 1987), and NO3
−
availability did not affect denitrification (Haider et al.
1987; Hamonts et al. 2013). The majority of these
studies measured potential denitrification applying the
acetylene inhibition method (Yoshinari and Knowles
1976), which is considered outdated due to a number
of drawbacks such as inhibiting nitrification (Groffman
et al. 2006).
Accordingly, it is still unclear whether growing
plants stimulate denitrification through root exudation
or restrict it through NO3
− uptake. Reliable measure-
ments of N2 fluxes and N2O/(N2O +N2) ratios in the
presence of plants are scarce. Direct measurement of N2
fluxes is only possible in either artificial N2-free atmo-
sphere (Scholefield et al. 1997, Senbayram et al. 2020)
or by applying highly enriched 15N labeled NO3
−
(Hauck and Melsted 1956). The latter is used in the
15N gas flux technique which enables direct quantifica-
tion of N2O and N2 produced from the labelled NO3
−
pool and estimation of processes contributing to N2O
and N2 formation including denitrification, co-denitrifi-
cation, or nitrification and nitrifier denitrification
(Buchen et al. 2016, Laughlin and Stevens 2002).
This study aimed to directly quantify N2O and N2
fluxes from soil with plants of the same age but different
size of shoot and root systems and to relate denitrifica-
tion to C availability from root exudation. As plant
water uptake may also affect denitrification (von
Rheinbaben and Trolldenier 1984), we aimed to keep
soil moisture constant by continuous irrigation. We
hypothesized that (I) plant N uptake governs NO3
−
availability for denitrification. When plant N uptake is
low due to smaller root system or root senescence, N2O
and N2 emissions are increased. (II) Denitrification is
stimulated by higher Corg availability from root exuda-
tion or decaying roots increasing total gaseous N emis-
sions and decreasing their N2O/(N2O + N2) ratios.
Materials and methods
Experimental concept
The experiment consisted of a pre-cultivation phase
followed by the experimental phase. A schematic over-
view of both phases is presented in Fig. 1. In the pre-
Plant Soil
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cultivation phase, plants were raised under controlled
conditions. Maize plants (Zea mays L. cv. Ronaldinio)
were grown under different N fertilization to obtain
plants with different root and shoot biomass. As a sec-
ond species, cup plant (Silphium perfoliatum L.) was
included, a bioenergy plant that can produce similar
aboveground biomass as maize (Gansberger et al.
2015) but has a higher root:shoot ratio. As cup plant is
a perennial plant, it likely transfers more C belowground
and exudes more organic substances than maize
(Husáková et al. 2018; Pausch and Kuzyakov 2018).
In all treatments, the N supply was scheduled to assure
that at the end of the pre-cultivation phase, the soils were
equally depleted in plant available N. With respect to
background N supply, this permitted nearly equal
starting conditions for the subsequent stable isotope
labeling experiment.
To account for all necessary measurements, each
treatment was replicated 19 times (Table 1). At the end
of the pre-cultivation phase, the first set of replicates (1–
6) was harvested to determine shoot and root biomass, N
and C content, and 15N and 13C background concentra-
tions. The second set of replicates (7–12) was labeled
with 15NO3
− and 13CO2, and gases evolving from soil
were measured for the following 10 days. At the end of
the experiment, replicates 7–12 were harvested. Repli-
cate 13 was used to determine 13C uptake during 13CO2
pulse labeling and replicates 14–19 were used to deter-
mine 13C background values in soil-emitted CO2.
Pre-experimental plant cultivation
The soil for the experiment was collected from a long-
term experimental f ie ld si te of the Höhere
Landbauschule Rotthalmünster, Germany (latitude
N48°21′, longitude E13°11′, elevation 360 m above
sea level) in summer 2016. It was sieved to 10 mm, air
dried, and stored at 4 °C until setup of the experiment.
The soil was classified as a Haplic Luvisol with a silty
loam texture (19% clay, 71% silt, 10% sand). Soil
1st
harvestPlant culvaon Gas sampling
2nd
harvest






Days aer 13C labeling
Fig. 1 Timeline of the experiment: pre-cultivation phase from day 0–46 and experimental phase from day 47–57 after transplanting
Table 1 Overview of replicates in the experiment
Replicate Labeling Sampling of plants and soil Details
1–6 - 1st harvest (44 days) Determination of dry matter, C and N background values
7–12 15NO3
− and 13CO2 Final harvest (57 days) Measurement of N2O, N2, and CO2, determination of dry matter,
total C and N, 13C and 15N content
13 13CO2 Plants sampled directly after
13CO2 labeling
Determination of total 13CO2 uptake during labeling
14–19 Treated similar to 7–12,
but not labeled
No sampling of plants and
soil
Determination of 13C background in CO2
Plant Soil
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properties were: total C 1.23%, total N 0.14%, C:N 8.76,
pH (CaCl2) 6.74.
Seven kg dry soil was mixed with fertilizers (0.14 g P
kg− 1 as Ca(H2PO4)2, 0.2 g K kg
− 1 as K2SO4 and 0.04 g
Mg kg− 1 as MgSO4 * 7 H2O including 0.135 g S kg
− 1)
and filled in pots of 15 cm diameter and 35 cm height to
a bulk density of 1.3 g cm− 3. Soil moisture was adjusted
to 60% water holding capacity (WHC, 21.9% gravimet-
ric water content) and watered regularly. TDR soil
moisture sensors (Decagon Devices, Pullman, USA)
were used to monitor soil water content during plant
growth.
Maize seeds (Zea mays L. cv. Ronaldinio) were
germinated onwet paper for 4 days. Cup plant (Silphium
perfoliatum L.) had been pre-cultivated for 2 years in
5 cm-pots and had 2–4 leaves. Per pot, either one
germinated maize seed or one cup plant seedling was
transplanted. Plants were cultivated in a climate cham-
ber (Weiss, Loughborough, UK) with a diurnal cycle of
16 h day (light intensity 300 μmol m− 2 s− 1, air temper-
ature 25 °C, relative humidity 50%) and 8 h night
(18 °C, 60%). Daytime included 4 h sunrise and 4 h
sunset when light intensity, temperature, and relative
humidity were gradually adjusted. All pots were fully
randomized weekly to avoid microclimatic effects.
Maize N fertilization differed between treatments to
achieve plants of different size: Maize S (no N fertiliza-
tion, small plants), Maize M (0.05 g N kg− 1 (0.35 g N
pot− 1, as NH4NO3 split in 7 doses), medium sized
plants), and Maize L (0.086 g N kg− 1 (0.6 g N pot− 1,
as NH4NO3 split in 7 doses), large plants). Cup plants
were fertilized like Maize M (0.05 g N kg− 1 (0.35 g N
pot− 1, as NH4NO3 split in 7 doses)).
Experimental 15NO3
− and 13CO2 pulse labeling
Replicates 7–12 of each treatment received 0.1 g N kg− 1
15N-labeled Ca(NO3)2 (~ 60 at%
15N2, Campro Scien-
tific GmbH, Berlin, Germany) 45 days after
transplanting. The tracer was dissolved in H2Odest and
applied by injection with stainless steel needles as de-
scribed by Buchen et al. (2016). Briefly, 15N fertilizer
solution was injected via 12 needles to 6 depths (2.5,
7.5, 12.5, 17.5, 22.5 and 27.5 cm) aiming for optimal
three-dimensional homogenous label distribution (Wu
et al. 2011). Per injection point, 10 ml tracer solution
were injected via a peristaltic pump (Ismatec,Wertheim,
Germany) to simultaneously increase soil water content
to 75% water-filled pore space (WFPS, equivalent to
80% WHC).
After injection of 15N tracer solution, all pots were
closed with acrylic glass lids with a hole for the plant
shoot, leaving a small headspace (2–3 cm) between soil
surface and lid. Pots were then sealed with silicone paste
(Tacosil 171, Thauer & Co. KG, Dresden, Germany).
Plants were labeled with 13C in four separate chambers
made from translucent greenhouse film (one for each
treatment Maize S, Maize M, Maize L, and Cup plant).
In each chamber, 15N labeled replicates 7–12 and the
non-labeled replicate 13 were labeled with 13C. To
enrich the chamber atmosphere with 13CO2, 60 ml of
5 M H2SO4 were added to 5 g Na2
13CO3 (99 at%)
dissolved in H2Odest in each chamber. For internal
chamber ventilation, two fans were installed. The plants
were pulse labeled in the 13CO2 enriched atmosphere for
5 h. Before opening each chamber, an air sample was
analyzed for CO2 concentration to ensure that maximum
amounts of CO2 had been taken up by plants. Chambers
were opened and CO2 evolving from the soil was
trapped. Replicate 13 was harvested directly after cham-
ber opening to estimate the amount of 13C assimilated
during labeling.
To determine natural abundance background of 13C
in CO2, replicates 14–19 were used. 0.1 g N kg
− 1 was
injected using Ca(NO3)2*6 H2O dissolved in H2Obidest,
and pots were sealed using the same methods as de-
scribed above.
Irrigation
After pots had been sealed with silicon paste, plants
were irrigated by injecting water through a valve on
the bottom of the pots. To irrigate pots without applying
too much pressure, peristaltic pumps (Watson-Marlow,
Zollikon, Switzerland) with a pumping rate of 1.5 ml
min− 1 were used. Target soil moisture was 75% water-
filled pore space (WFPS, equivalent to 80% WHC)
during the gas sampling phase. To estimate irrigation
demand, TDR soil moisture sensors (Decagon Devices,
Pullman, USA) were used to monitor soil water content
during the experiment in one replicate for each treat-
ment. In addition, all pots were weighed one, three, and
five days after 13C labeling to compare whether irriga-
tion demand differed between pots. As pot weights were





One additional pot was filled with dry quartz sand,
sealed with silicone paste as described before, and used
as a reference to determine background gas concentra-
tions. To flush the headspace of all pots with CO2-free
air, pressurized air was first run through a glass column
filled with soda lime (pellets made of NaOH and
Ca(OH)2 mixture) to remove CO2. For trapping CO2
emitted from soils, the outlet tubes of the pots’ head-
spaces were connected to glass tubes containing 15 ml
of 1 M NaOH solution. Starting one day after labeling,
NaOH solution was changed in intervals of 6, 12, or 24
hours. To determine 13C background in CO2, replicates
14–19 were treated similarly: the headspaces were
flushed for 6 hours and CO2 was trapped in glass tubes
containing 15ml of 1MNaOH solution. To estimate the
total CO2 efflux, the C concentration of the NaOH
solutions was determined with a TIC-analyzer (multi
N/C 2100S, Analytik Jena, Jena, Germany). For 13C
measurements, CO2 trapped in NaOH was precipitated
as SrCO3 with an excess of 1 M SrCl2 solution. The
precipitants were centrifuged, washed with deionized
water until the pH was neutral, the precipitate was
frozen, and then freeze-dried with a rotation vacuum
concentrator (RVC 2–25 CDplus, Martin Christ,
Osterode am Harz, Germany) and a cooling trap (CT
02–50, Martin Christ, Osterode am Harz, Germany),
both connected to a vacuum pump.
13C enrichment in precipitated SrCO3 was analyzed:
Natural abundance samples were measured on an ele-
mental analyzer NA 11,100 (CE Instruments, Milano,
Italy) linked to a Delta Plus gas-isotope ratio mass
spectrometer (Finnigan MAT, Bremen, Germany) via
a ConFlo III interface (Finnigan MAT, Bremen, Ger-
many). For enriched samples, depending on capacity,
one of the following combinations was used: (i) elemen-
tal analyzer Flash 2000 (Thermo Fisher Scientific, Cam-
bridge, UK) linked to a Delta V Advantage gas-isotope
ratio mass spectrometer (Thermo Electron, Bremen,
Germany) via a ConFlo III interface (Thermo Electron,
Bremen, Germany), or (ii) elemental analyzer NA1108
(Fisons-Instruments, Milan, Italy) linked to a Delta C
gas-isotope ratio mass spectrometer (Finnigan MAT,
Bremen, Germany) via a ConFlo III interface (Thermo
Electron Cooperation, Bremen, Germany).
For N2O and N2 sampling, the airflow through the
pots’ headspace was interrupted to accumulate gases in
the headspace. After 1 h, duplicate samples were taken
using a syringe and filled in pre-evacuated 12-ml
Exetainer® glass vials (Labco, High Wycombe, UK).
Samples were analyzed for N2O concentration using a
gas chromatograph (GC 7890A, Agilent, Santa Clara,
USA). The analytical precision of the GC was deter-
mined by repeated measurements of standard gases
(300 ppb N2O) and was consistently < 3%. The second
duplicate was analyzed for m/z 28 (14N14N), 29
(14N15N) and 30 (15N15N) of N2 using a modified
GasBench II preparation system coupled to an isotope
ratio mass spectrometer (MAT 253, Thermo Fisher
Scientific, Bremen, Germany) according to Lewicka-
Szczebak et al. (2013). This system allows a simulta-
neous determination of mass ratios 29R (29/28) and 30R
(30/28) of three separated gas species (N2, N2 + N2O,
and N2O), all measured as N2 gas after N2O reduction in
a Cu oven. Typical repeatability of 29R and 30R (1 σ of 3
replicate measurements) was 5 × 10− 7 for both values.
For each of the analyzed gas species, the fraction orig-
inating from the 15N-labeled pool with respect to total N
in the gas sample (Fp) as well as the 15N enrichment of
the active 15N-labeled N pool (ap) producing N2O
(ap_N2O) or N2 + N2O (ap_N2+N2O) were calculated after
Spott et al. (2006) as described in Lewicka-Szczebak
et al. (2017).
Harvest and analyses of plant and soil material
Before labeling (44 days after transplanting), replicates
1–6 were harvested. Eleven days after 13C labeling (57
days after transplanting), all labeled plants (replicates 7–
12) were harvested. At both harvests, plants were sepa-
rated into shoots and roots including maize crown roots.
As all pots were densely rooted, a separation of rhizo-
sphere and bulk soil was not possible. Roots were
shaken gently to separate them from soil and washed.
From replicates 7–12, a subsample of root washing
water was analyzed for water-extractable organic C
(WEOC) and the amount of 13C lost during root wash-
ing was determined. To estimate their amount in soil,
fine roots were picked by hand from a subsample of soil
(~ 400 g soil) for a defined time. All plant material and a
soil subsample were dried at 60 °C, milled in a ball mill
and analyzed for total C, 13C, total N, and 15N content
using an elemental analyzer coupled to a gas-isotope
ratio mass spectrometer as described earlier. For deter-
mination of water-extractable organic C (WEOC) con-
tent, a subsample of fresh soil was analyzed according to
Chantigny et al. (2007). Briefly, fresh soil was
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homogenized with deionized water (1:2 w/v). Samples
were centrifuged and filtered with 0.45 μm polyether
sulfone filters (Labsolute, Renningen, Germany), split
in two subsamples and stored at -20 °C. The extracts
were analyzed for total C, organic C, and total N content
using a multi N/C® Analyzer (Analytik Jena, Jena,
Germany).
For determination of soil mineral N content, a sub-
sample of 50 g was frozen at -20 °C. Frozen samples
were extracted with a 2 M KCl solution (1:5 w/v) for
60 min on an overhead shaker (85 rpm). The extracts
were filtered with 615 ¼ filter paper (Macherey – Nagel
GmbH & Co. KG, Düren, Germany), split in two sub-
samples, and stored at -20 °C. The extracts were ana-
lyzed colorimetrically for the concentrations of NO3
−
and NH4
+ using a San++ continuous flow Analyzer
(Skalar Analytical B.V., Breda, The Netherlands). 15N
concentration in NH4
+ and NO3
− was analyzed using an
automated sample preparation unit for inorganic nitro-
gen coupled to a membrane inlet quadrupole mass spec-
trometer (QMS, GAM 200, InProcess, Bremen, Germa-
ny) as described in detail by Eschenbach et al. (2017,
2018). In parallel subsamples, soil water content was
determined by oven drying at 105 °C.
Calculations and statistics
Plant N uptake was calculated by multiplying dry mass
with the respective tissue N content (root, shoot).
Cumulative CO2 emissions were calculated from
CO2 trapped in NaOH, CO2 fluxes were calculated by
dividing cumulative CO2 through the respective trap-
ping time (6, 12, or 24 h). 13C recovery in CO2
(13Crecovery; CO2, mg) was calculated as the excess
(above background) 13C concentration multiplied with
the total CO2 trapped (CO2, mg CO2-C):
13Crecovery;CO2 ¼ ð13CCO2  13CNA;CO2Þ  CO2 ð1Þ
where 13CCO2 is the
13C enrichment of CO2 (at%)
trapped after labeling and 13CNA; CO2 is the natural
13C
background (at%) from unlabeled plants (replicates 14–
19). 13C recovery in soil (13Crecovery; soil, mg) was cal-
culated as follows:
13Crecovery;soil ¼ ð13Csoil  13CNA;soilÞ  Csoil
 masssoil ð2Þ
where 13Csoil is the enrichment of
13C (at%) of the soil C
pool after labeling, 13CNA; soil is the natural abundance
of 13C in soil before labeling (at%), Csoil is the total
content of C in soil (mg g− 1), andmasssoil is the mass of
soil per pot (g). Relative 13Crecovery (% of recovered
13C)
of a particular pool (CO2, soil) was calculated by divid-
ing the amount of 13C recovered in that pool (13Crecovery;
pool) by the sum of the amount of
13C recovered in all





Total N2O fluxes (ftot, μg N kg
− 1 h− 1) were calculat-
ed from GC measurements:
f tot ¼





where CH is the mass concentration in the headspace
and CB is the background concentration in the reference
pot (μg N m− 3) corrected by the chamber temperature
according to the ideal gas law, t is the accumulation time
(h), V is the volume of the headspace (m3), and m is the
dry mass of soil per pot (kg).
We calculated the 15N enrichment of the active NO3
−
pool undergoing denitrification (ap_N2O, ap_N2O +
N2) from the non-random distribution of N2 and/or
N2O isotopologues using calculations by Spott et al.
(2006) as described by Buchen et al. (2016) and
Lewicka-Szczebak et al. (2017):
ap ¼
30Xm  abgd  am
am  abgd ð5Þ
where ap is the
15N abundance of the 15N labeled NO3
−
pool undergoing denitrification, abgd is the measured
15N abundance of atmospheric background N2, am is
the measured 15N abundance of N2 or N2O
am ¼
29Rþ 2  30R
2ð1þ 29Rþ 30RÞ ð6Þ




1þ 29Rþ 30R ð7Þ
The fraction of N derived from the active NO3
− pool
(Fp) was calculated using Eq. (8) if 30R was significant
and otherwise Eq. (9) was used. In the latter case,
ap_N2O was assumed to be identical with ap_N2 and
ap_N2O + N2 and was thus used when calculating
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Fp_N2 and Fp_N2O +N2 from Eq. 9. If ap_N2O of a
sampling date was not available, the mean value from
the other replicates from the same sampling date was
used as best estimate. Fp calculated from Eq. (9) with a
given 29R is relatively insensitive to changes in ap
between 0.4 and 0.6 since the nominator yields values
between 0.48 and 0.5. Hence, uncertainty in the estima-
tion of ap within that range causes minor uncertainty in
calculated Fp (Well and Myrold 1999). Because ap
values in our study were typically between 0.4 and
0.6, we assume that uncertainty in Fp calculation from
the missing of individual ap values was small.
Fp ¼ am  abgd
ap  abgd ð8Þ
Fp ¼ ð29Rsa  29RbgdÞ=ð2apð1 apÞÞ ð9Þ
where lower case sa and bgd denote sample and back-
ground (ambient air), respectively.
Fp values were multiplied with respective total sam-
ple N concentration (N2O, N2) to obtain pool-derived
gas concentrations (in ppm). Then, pool-derived fluxes
(fp) were calculated from concentrations similar to
Eq. (4). The same calculations were used for N2O, N2,
and N2O +N2, resulting in respective values for frac-
tions of pool-derived N and for the respective 15N
abundances of the active N pools (ap_N2O, ap_N2,
ap_N2O+N2). Non-pool derived N2O fluxes were cal-
culated by subtracting pool-derived N2O fluxes from
total N2O fluxes.
The ratio of denitrification end products was calcu-
lated from pool-derived N2O (fp_N2O) and N2O +N2
(fp_N2O +N2):
Product ratio ¼ fp N2O
fp N 2Oþ N 2
ð10Þ
Cumulative N2O, N2, and N2O +N2 emissions were
calculated by linear interpolation of fluxes. The % of
N2 + N2O emitted with respect to added N was estimat-
ed by dividing cumulative pool-derived N2O +N2 emis-
sion by the amount of N added with 15NO3
− labeling.
All statistical analyses were performed using the
statistical software R version 3.6.0 (R Core Team
2019). Means and standard deviations were calculated
over all replicates. For harvest data, cumulative CO2,
and 13C recovery a one-way ANOVA was calculated
followed by Tukey’s HSD post-hoc test at p ≤ 0.05 to
separate treatment effects. As cumulative N emissions
were not normally distributed, the Kruskal-Wallis rank
sum test was used followed by LSD post-hoc test at p ≤
0.05 to separate treatment effects. To compare soil and
plant samples between harvests, and to test whether soil
15a_NO3
− contents at final harvest and ap_N2O or ap_
N2O +N2 at last sampling date differed, a t-test was
used at p ≤ 0.05. Simple linear regression models were
tested to analyze the effects of soil and plant parameters
on CO2 and N fluxes and cumulative emissions.
Results
Plant growth after labeling
Shoot dry matter increased significantly in all treatments
between the first and the second harvest, but differences
between treatments did not change (Table 2, results of
1st harvest are displayed in supplementary table S1).
Root dry matter significantly decreased in Maize S and
M until the end of the experiment. Increases in root dry
matter in Maize L and Cup plant were not significant.
Root:shoot ratio decreased in all treatments but
remained twice as high in cup plant compared to maize,
which is typical for perennial plants compared to annual
plants (Husáková et al. 2018). Nitrogen content in-
creased in previously unfertilized Maize S plants and
was similar in all maize treatments at the final harvest.
Nitrogen content in cup plant shoots and roots was
significantly greater than in all maize treatments and
total N uptake corresponded with N fertilization Maize
L >Maize M =Cup plant >Maize S. Soil NO3
− content
analyzed at the end of experiment was on average still
twice as high in Maize S compared to all other
treatments.
Total N2O and pool-derived N2O +N2 fluxes
and cumulative emissions
Total and pool-derived N fluxes were highest in Maize S
but followed a similar pattern in all treatments (Fig. 2a +
c). Total N2O fluxes strongly increased in Maize S
reaching highest values on day 3 (11.3 μg N2O-N kg
− 1
h− 1, Fig. 2a) and a second smaller peak on day 6 (5.9 μg
N2O-N kg
− 1 h− 1). Pool-derived N2O +N2 fluxes follow-
ed a similar general pattern as total N2O fluxes (Fig. 2c)
and peaks were detected at similar times as N2O peaks, in
Maize S on day 3 (48 μg N2-N kg
− 1 h− 1) and larger
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peaks on day 6.5 (67 μg N2-N kg
− 1 h− 1) and day 9.5
(61 μg N2-N kg
− 1 h− 1). Total N2O and pool-derived
N2O +N2 fluxes in all other treatments followed a similar
pattern but on a lower scale. The product ratio (N2O/
(N2O +N2), Fig. 2d) of pool-derived fluxes followed a
similar pattern in all treatments. The product ratio de-
creased for the first days after onset of incubation
reaching values between 0.2 and 0.5 as N2 became the
dominant end product of denitrification. It shortly in-
creased and peaked on day 3.5, then decreased again until
day 6 to values between 0 and 0.2. After day 6.5, the
product ratio ranged between 0 and 0.5 until the end.
Total and pool-derived cumulative N emissions were
20–43 times higher in Maize S compared to all other
treatments (Table 3). No significant differences were
detected between the other treatments. Similarly, recov-
ery of added NO3
− in N2O +N2 was highest in Maize S
and not significantly different in the other treatments.
The mean N2O/(N2O +N2) ratio ranged from 0.14 to
0.16 in maize treatments and was 0.24 in cup plant.
Table 2 Harvest data of final harvest at the end of the experiment (replicates 7–12, 57 days after transplanting/ 11 days after 13CO2 labeling)
Maize S Maize M Maize L Cup Plant
Shoot dry matter (g pot− 1) 63.5 ± 2.7 c *** 89.8 ± 4.0 b *** 115.3 ± 10.8 a *** 34.9 ± 5.4 d ***
Root dry matter (g pot− 1) 10.1 ± 1.6 c *** 14.5 ± 0.8 b *** 21.5 ± 4.2 a 19.7 ± 1.8 a
Root : Shoot ratio 0.16 ± 0.02 b *** 0.16 ± 0.01 b *** 0.19 ± 0.02 b *** 0.58 ± 0.09 a
Shoot N content (%) 1.19 ± 0.04 b *** 1.14 ± 0.08 b *** 1.05 ± 0.14 b 2.47 ± 0.28 a
Root N content (%) 1.06 ± 0.10 b *** 0.97 ± 0.08 b 0.95 ± 0.08 b 1.59 0.19 a
NO3
− content (mg kg− 1) 3.39 ± 2.01 a 1.54 ± 1.02 ab 1.04 ± 0.43 b 1.61 ± 0.83 ab
NH4
+ content (mg kg− 1) 1.46 ± 0.19 ab *** 1.94 ± 0.36 a *** 1.64 ± 0.25 ab *** 1.41 ± 0.39 b ***
WEOC content (mg kg− 1) 6.65 ± 0.95 a *** 7.35 ± 0.66 a *** 7.56 ± 2.69 a *** 8.10 ± 1.24 a ***
N uptake (shoot + root) (g pot− 1) 0.86 ± 0.35 c 1.16 ± 0.087 b 1.41 ± 0.054 a 1.17 ± 0.044 b
Shoot dry matter includes cob dry matter
Different letters in one row indicate a significant difference (p < 0.05) between treatments
***indicates a significant difference (p < 0.05) to first harvest
Fig. 2 Total N2O fluxes (a), fraction of pool-derived N2O (Fp_N2O) (b), pool-derived N2O +N2 fluxes (c), and product ratio N2O/(N2O +
N2) of pool-derived fluxes (d). Means and standard deviation for n = 1–6
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15N enrichment of N pools and pool-derived fraction
of N2O
Treatments did not exhibit continuous patterns of ap
and Fp values throughout the experiment. The frac-
tion of N2O derived from the active labeled NO3
−
pool (Fp_N2O) decreased during the experiment
showing that the contribution of N2O from sources
other than the labeled NO3
− pool increased with
time (Fig. 2b). Fp_N2O was close to 1.0 in Maize
S for three days after labeling, then decreased to 0.4
on day 5, and ranged between 0.5 and 0.8 until the
end of the experiment. For the other treatments,
Fp_N2O continuously decreased until day 5/6. After
day 6.5, Fp_N2O increased in Maize M and L,
fluctuating between 0.1 and 0.6. At the last day,
Fp_N2O was < 0.07 in all treatments.
The time course of 15N enrichment of the active
NO3
− pool producing N2O and N2 (ap_N2O, ap_N2O +
N
2
) was different in Maize S than in the other treat-
ments. During the first days after labeling, 15N enrich-
ment of the active NO3
− pool producing N2O and N2
(ap_N2O, ap_N2O + N2) was close to 60 at% in all
treatments (Fig. 3). In Maize S, ap_N2O and ap_N2O +
N
2
were higher than 50 at% during the whole experi-
ment and only decreased on the last day. In all other
treatments, ap_N2O and ap_N2O +N2 continuously de-
creased until day 6.5. On day 7, ap-values were higher
than 50 at% and decreased again until the end of the
experiment. 15N enrichment of the total soil NO3
− pool
(15a_NO3
−) was measured at final harvest and was
mostly significantly lower (p < 0.05) than 15N enrich-
ment of the active NO3
− pool producing N2O and N2
(ap_N2O and ap_N2O +N2) from the last gas measure-
ment (Fig. 3, Supplementary table S2).
Soil moisture and its effect on N fluxes
Data from soil moisture sensors showed that soil mois-
ture content was higher in Maize S than all other treat-
ments for the first days after labeling (Fig. 4). However,
it was lower than the targeted value of 75%WFPS. As
all plants respired large amounts of water, it took a few
days to adjust irrigation amounts to plant water demand,
and soil moisture could not be kept constant throughout
the experiment.
In Maize S and Cup plant, soil moisture increased with
irrigation three days after labeling reaching values around
70%WFPS. In Maize M and L, soil moisture increased
five days after labeling reaching values around 55%WFPS.
In Cup plant, soil moisture stayed on a similar level around
70%WFPS with fluctuations due to water uptake and
irrigation. Although soil moisture was in a similar range
in Maize S and Cup plant from day 4 to 6 and in all maize
treatments after day 7, total N2O and pool-derived N2O+
N2 fluxes were always highest in Maize S. Thus, we did
not find significant relationships between N fluxes and soil
moisture during the experiment indicating that soil mois-
ture was not the only factor controlling gaseous N losses
(Table 5, supplementary table S3, supplementary figure
S1). However, the N2O/(N2O+N2) ratio of pool-derived
fluxes decreased with increasing soil moisture (%WFPS,
adj. R²=0.14, p < 0.05) indicating that increasing soil mois-
ture stimulated N2O reduction.
CO2 and
13CO2 efflux
The time course of cumulative CO2 efflux and
13C
enrichment in CO2 was similar in all treatments
(Fig. 5a + b). CO2 efflux was similar in Maize M and
Maize L where it increased almost linearly during the












(μg N kg− 1) (μg N kg− 1) (μg N kg− 1) % of added 15N
Maize S 643.3 ± 310.1 a 4219.0 ± 3963.6 a 4830.4 ± 4235.1 a 0.16 ± 0.06 n.s. 0.690 ± 0.605 a
Maize M 25.3 ± 40.0 b 132.9 ± 110.9 b 159.2 ± 132.9 b 0.15 ± 0.07 n.s. 0.023 ± 0.019 b
Maize L 15.4 ± 25.4 b 97.7 ± 96.4 b 120.7 ± 114.8 b 0.14 ± 0.14 n.s. 0.017 ± 0.016 b
Cup Plant 31.6 ± 39.5 b 105.5 ± 101.0 b 128.7 ± 122.0 b 0.24 ± 0.21 n.s. 0.018 ± 0.017 b
Means and standard deviation for n = 6. Different letters in one column indicate a significant difference, n.s. indicates no significant
difference (p < 0.05) between treatments
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whole experiment, and total cumulative CO2 was only
slightly higher in Maize L than in Maize M (Table 4).
Lowest cumulative CO2 efflux was measured under
Maize S plants where efflux decreased considerably
after 1.5 days. Cumulative CO2 efflux under cup plants
was significantly lower than from Maize L and not
statistically different from the other two maize treat-
ments (Table 4). Overall, cumulative CO2 efflux was
positively correlated with root dry matter at final harvest
(adj. R²=0.36, p < 0.01, Table 5).
13C enrichment in CO2 strongly decreased in all treat-
ments two days after labeling until the end of CO2 sam-
pling (Fig. 5b). Highest 13C enrichment of soil emitted
CO2 was measured under Cup plant and lowest in Maize
L. It strongly decreased two days after labeling until the
end of CO2 sampling. No statistically significant differ-
ences (p< 0.05) were found in relative 13C recovery in
CO2, soil, or soil + CO2 (Table 4), but overall, mean
relative 13C recovery in soil increased with root dry matter,
indicating that root-derived C recovered in soil increased
with root biomass.
Interactions between N emissions, soil NO3
− content,
and Corg availability
Simple linear regression models were tested to identify
effects of plant growth, N uptake, and Corg availability
on cumulative N2O and N2 emissions (Table 5,
supplementary table S3). Total cumulative N2O and
pool-derived cumulative N2O +N2 emissions were sig-
nificantly (p < 0.01) negatively correlated with root dry
matter (adj. R²=0.41 and adj. R2 = 0.32, respectively)
and plant N uptake (adj. R²=0.49 and adj. R2 = 0.33,
respectively) indicating that gaseous N losses were
highest under plants with small root system and low N
uptake. In addition, total cumulative N2O emissions and
soil NO3
− content at final harvest were positively corre-
lated (adj. R²=0.10, p < 0.05). As cumulative CO2 emis-
sions were positively correlated with root dry matter and
cumulative N emissions negatively, total cumulative
N2O and pool-derived cumulative N2O + N2 emissions
were negatively correlated with cumulative CO2 efflux
(adj. R²=0.36, p < 0.01). No correlations were found
Fig. 3 15N enrichment of the








Means and standard deviation for
n =6. When not visible, error bars
are smaller than the symbols
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between total or pool-derived cumulative N emissions
or N2O/(N2O +N2) ratio and
13C recovery in soil and/or
CO2. However, we identified a weak but significant
positive relationship between N2O/(N2O +N2) of pool-
derived fluxes and CO2 efflux (adj. R²=0.11, p < 0.01).
Discussion
Effect of soil moisture and plant N uptake on N2O
and N2 emissions
Cumulative N emissions were 20–40 times higher in
Maize S compared to all other treatments. Plant transpi-
ration strongly affected soil moisture which was highest
inMaize S during the first 4 days after 13C labeling. Soil
moisture is an important control of denitrification as it
regulates O2 concentration and diffusion in soil
(Schlüter et al. 2018, Rohe et al. 2020). Plant roots
constantly alter soil moisture and its distribution in soil
by root water uptake. Accordingly, previous studies
reported that plant growth controlled soil moisture and
denitrification rates (Bakken 1988; von Rheinbaben and
Trolldenier 1984). In our study, when soil moisture
increased with irrigation, N2O and, especially, N2 fluxes
increased shortly thereafter. Furthermore, the N2O/
(N2O +N2) ratio of pool-derived fluxes decreased with
increasing soil moisture which is consistent with N2
being the dominant end product of denitrification under
high WFPS (Davidson 1991). Although soil moisture
was highest in Cup plant from day 4 to 8, and similar in
Maize treatments from day 6 to 9, N fluxes were highest
inMaize S throughout the experiment. Thus, differences
in soil moisture alone cannot explain the vast differences
in N fluxes between Maize S and the other treatments in
our study.
Maize S plants were characterized by lowest root dry
matter of all treatments and lower shoot dry matter
compared to the other maize treatments. Furthermore,
soil NO3
− content at final harvest was more than twice
as high inMaize S compared to all other treatments. The
relationship between soil NO3
− content at the end of the
experiment and cumulative N2O emissions was weak
(0.10, p < 0.05). However, N uptake was negatively
correlated with total cumulative N2O emissions and
pool-derived cumulative N2O + N2 emissions
(adj. R²=0.49, p < 0.001 and adj. R2 = 0.33, p < 0.01,
respectively) indicating that NO3
− availability played
an important role in regulating denitrification. Our re-
sults show clearly that an increase in soil moisture led to
increasing N2O +N2 fluxes, but N fluxes remained on a
low level when NO3
− availability was low due to rapid
plant N uptake. Only when both N and water uptake
were low, high NO3
− availability and high soil moisture
led to strongly increased N losses.
Effect of nitrate availability and soil moisture on pools
and processes contributing to N2O formation
Different NO3
− pools and N turnover processes contribut-
ed to N2O formation throughout the experiment. The
15N
enrichment of the total soil NO3
− pool (15a_NO3
−) de-
creased from 60 at% after labeling to 10–30 at% until the













Days after 13C labeling





Fig. 4 Soil moisture as % water
filled pore space measured with
soil moisture sensors (n = 1)
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mineralized and diluted the labeled NO3
− pool (Buchen
et al. 2016; Deppe et al. 2017). Thus, denitrification of
unlabeled NO3
−, as well as nitrification, nitrifier denitrifi-
cation, and coupled nitrification-denitrification may have
contributed to N2O formation (van Groenigen et al. 2015;
Wrage-Mönnig et al. 2018; Wrage et al. 2001).
In Maize S, 15a_NO3
− at final harvest was sig-
nificantly higher than in all other treatments, indi-
cating that nitrification was less relevant in this
treatment. Accordingly, the fraction of N2O de-
rived from the active labeled NO3
− pool (Fp_N2O)
was > 0.5 throughout the experiment indicating
that most N
2
O was lost through denitrification
from labeled NO3
−. The 15N enrichment of the
active NO3
− pool producing N2O and N2O + N2
(ap_N2O and ap_N2O + N2) stayed close to its
initial value of 60 at% highlighting that N2O and
N2 were mainly lost from anoxic microsites where
labeled NO3
− had not been diluted by nitrification
(Buchen et al. 2016).
In the other treatments, ap_N2O, ap_N2, and Fp_N2O
did not exhibit continuous trends. While values first
decreased due to dilution with NO3
− from nitrification,
values increased after day 6.5 (Fig. 3), presumably due to
the slight increase in WFPS after irrigation on day 6.5
(Fig. 4). Increasing soil moisture increased denitrification
rates in anoxic hotspots, which corresponds with increas-
ing N2O and especially N2 fluxes in Maize M and L. At
the same time, it restricted nitrification and thus decreased










































Fig. 5 Cumulative CO2 efflux
from soil (a) and 13C enrichment
of CO2 flux from soil (b). Means
and standard deviation for n = 6.
When not visible, error bars are
smaller than the symbols
Table 4 Cumulative CO2 emissions, relative 13C recovery in soil and CO2
Cumulative CO2 relative
13C recovery in CO2 relative
13C recovery in soil relative 13C recovery in soil + CO2
(mg C kg− 1) (% of recovered 13C) (% of recovered 13C) (% of recovered 13C)
Maize S 77.7 ± 24.6 c 4.24 ± 1.16 n.s. 0.57 ± 3.11 n.s. 4.81 ± 3.72 n.s.
Maize M 125.0 ± 15.2 ab 5.83 ± 3.34 n.s. 1.11 ± 5.71 n.s. 6.94 ± 3.73 n.s.
Maize L 131.2 ± 11.9 a 3.73 ± 1.38 n.s. 3.37 ± 1.62 n.s. 7.10 ± 1.62 n.s.
Cup Plant 102.3 ± 5.8 bc 4.57 ± 1.83 n.s. 2.13 ± 1.37 n.s. 6.70 ± 1.87 n.s.
Mean and standard deviation for n = 6. Different letters in one column indicate a significant difference, n.s. indicates no significant difference
(p < 0.05) between treatments
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contributing to N2O formation (reflected in increasing
Fp_N2O). Simultaneously increasing ap_N2O and
ap_N2O +N2 in Maize M and L on Day 7 indicate that
15N enrichment of the active labeled NO3
− pool was still
close to 60 at% in microsites where denitrification took
place. The rise of actual ap-values back towards initial
values is in line with a change in the anaerobic volume
where denitrification occurs (Bergstermann et al. 2011).
A recent study conducted with the same soil but without
plants showed that O2 concentration in repacked soil
cores was highly variable and average O2 saturation
decreased with increasing soil moisture while the anaer-
obic soil volume fraction increased with increasing soil
moisture and soil depth (Rohe et al. 2020). After day 6.5,
N2O +N2were predominately lost from domains that had
been continuously anoxic or were most distant from oxic
domains and thus were less diluted with unlabeled NO3
−.
We anticipate that in these microsites O2 concentrations
had been low enough to prevent nitrification during the
first days so that the labeled pool was not diluted by
unlabeled NO3
− from nitrification.
While fungal co-denitrification has been reported as
the dominant N2O source in a planted soil with high
NO3
− content (Laughlin and Stevens 2002), our data
provide no indications for co-denitrification, because
ap_N2O and ap_N2O + N2 were always higher than
15a_NO3
−, but co-denitrification would lead to ap lower
than 15a_NO3
− due to hybrid formation of N2O or N2
(Spott and Stange 2007).
Thus, in our study, N2O and N2 fluxes mainly de-
rived from denitrification of labeled 15NO3
− in anoxic
microsites, while nitrification simultaneously occurred
in more oxic parts of the soil, potentially contributing to
formation of unlabeled N2O.
Effect of root-derived C on N emissions
One of the core hypotheses of this study was that avail-
ability of root-derived C is a key driver of denitrification
in planted soils. It was based on a number of studies
reporting higher denitrification activity in rhizosphere
compared to bulk soil which was explained by higher
soil C (Hamonts et al. 2013; Klemedtsson et al. 1987;
Malique et al. 2019 ; Smith and Tiedje 1979). Detect-
able rhizodeposition and C flow into belowground res-
piration result from C translocation from shoots to roots
(Remus and Augustin 2016). Thus, we used 13CO2
pulse labeling to trace C translocation from shoots to
roots, its release by roots into the soil, and 13CO2 emit-
ted from soil.
We found a positive correlation between root dry
matter at final harvest and cumulative CO2 efflux
Table 5 Results of simple linear regressions between parameters
response predictor adjusted R² p-value n
total N2O flux CO2 flux -0.0136 0.8788 74
pool-derived N2O +N2 flux CO2 flux 0.0157 0.1458 74
mean total N2O flux % water-filled pore space -0.0252 0.9179 35
mean pool-derived N2O +N2 flux % water-filled pore space -0.0158 0.5111 35
N2O/(N2O +N2) ratio (pool-derived) % water-filled pore space 0.1365 0.01402 35
Cumulative CO2 DM Root 2nd harvest 0.3574 0.00121 24
Total cumulative N2O DM Root 2nd harvest 0.4090 0.00046 24
Pool-derived cumulative N2O +N2 DM Root 2nd harvest 0.3210 0.00231 24
Total cumulative N2O Plant N uptake 0.4894 8.5 × 10
− 05 24
Pool-derived cumulative N2O +N2 Plant N uptake 0.3300 0.00197 24
Total cumulative N2O Soil NO3
− content 2nd harvest 0.0983 0.0477 24
Pool-derived cumulative N2O +N2 Soil NO3
− content 2nd harvest 0.0131 0.2656 24
Total cumulative N2O cumulative CO2 0.3573 0.00121 24
Pool-derived cumulative N2O +N2 cumulative CO2 0.3641 0.00107 24
Total cumulative N2O recovered
13C in soil + CO2 -0.0068 0.3683 24
Pool-derived cumulative N2O +N2 recovered
13C in soil + CO2 0.0051 0.302 24
N2O/(N2O +N2) ratio (pool-derived) recovered
13C in soil + CO2 -0.0389 0.7138 24
Significant regressions (p ≤ 0.05) are marked in bold
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(adj. R²=0.36, p < 0.01) and, on average, relative 13C
recovery in soil increased with increasing root dry mat-
ter indicating that root exudation increased with root dry
matter. However, we could not detect any relationship
between total or pool-derived N fluxes and total CO2
efflux or root-derived C and cumulative N emissions or
the ratio of gaseous products.
Most previous studies investigating plant effects on
denitrification did not measure N2O and N2 emissions
under growing plants, but either potential denitrifica-
tion (Klemedtsson et al. 1987; Malique et al. 2019;
Smith and Tiedje 1979) or denitrification capacity
(Hamonts et al. 2013) from soil samples taken from
rhizosphere and/or bulk soil. In those studies, con-
ducted under anoxic conditions with unlimited NO3
−
supply, higher C availability in rhizosphere soil sam-
ples led to higher emissions of N2O and N2. However,
when separation of bulk soil and rhizosphere was not
well-defined due to densely rooted soil in pots, no
differences in potential denitrification were found
(Malique et al. 2019). In the few studies with growing
plants, higher denitrification rates were measured
during the first weeks after emergence (Senbayram
et al. 2020), with poorly growing plants (von
Rheinbaben and Trolldenier 1984), or when root bio-
mass was decreasing (Haider et al. 1987). No stimu-
lation of denitrification was found when actively
growing maize plants were compared to unplanted
soil (Haider et al. 1985). Accordingly, root-derived
C may stimulate denitrification when soil NO3
− is not
limited. We were not able to estimate the effect of C
availability on denitrification as NO3
− limitation and
O2 inhibition were the factors controlling denitrifica-
tion in our study.
Plant root effects on denitrification
The activity of denitrifying microorganisms in soil is
primarily controlled by availability of O2, NO3
−, and
Corg (proximal factors, Groffman et al. 1988). Plant
roots affect these through rhizodeposition, root respira-
tion, N and water uptake (distal factors, Groffman et al.
1988). Figure 6 shows how proximal and distal factors
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Fig. 6 Conceptual drawing of
plant root effects (distal factors,
green/grey) on drivers of
denitrification (proximal factors,
light grey) and potential N2O +
N2 losses (orange/dark grey).
Based on two assumptions: (i)
NO3
−-based fertilizer is only
added before plant growth and (ii)
root water uptake is the main
regulator of soil moisture
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affect denitrification in planted soil. The presented con-
ceptual drawing is based on two assumptions: (i) NO3
−-
based fertilizer is only added before plant growth and
(ii) root water uptake is the main regulator of soil
moisture.
In most agricultural soils, available Corg is low. With
increasing root growth, rhizodeposition and root turn-
over increase Corg availability. At the same time, root
respiration and microbial activity increase, decreasing
O2 concentrations in the rhizosphere. This offers favor-
able conditions for denitrifying microorganisms as long
as sufficient NO3
− is available (Klemedtsson et al.,
1987; Senbayram et al., 2020; Stefanson, 1972). As N
uptake increases with plant and root growth, NO3
−
becomes limited for denitrifiers (Haider et al., 1985).
Furthermore, increasing water uptake decreases soil
moisture and restricts formation of anoxic microsites
for denitrification (Bakken 1988, von Rheinbaben and
Trolldenier, 1984). Accordingly, our study showed that
with increasing plant and root growth, plant water and N
uptake became the most important controls of denitrifi-
cation. Similarly, soil moisture can vary strongly under
field conditions depending on precipitation and plant
water uptake. When NO3
− is available (i.e. after fertili-
zation), increasing soil moisture after rainfall can lead to
strongly increased N2O +N2 emissions (Buchen et al.
2017, Ruser et al. 2017).
Overall, plants continuously change boundary con-
ditions and substrate availability for denitrification in
soil, and it requires high technical input and equipment
to keep experimental conditions stable and controlled.
However, as plants do control these conditions so
strongly, it is very exciting and very important to further
investigate these processes to understand and predict N
cycling, denitrification, and gaseous N losses on the
field scale. Further research is thus indispensable.
Conclusions
We aimed to investigate how plants control the main
substrates for denitrification (NO3
− and Corg) through N
uptake and root exudation. To our knowledge, this is the
first study combining in situ measurements of N2O +N2
fluxes with estimations of root-derived C availability.
Plant water uptake was a main factor controlling soil
moisture and, thus, daily N2O + N2 fluxes, cumulative N
emissions, and N2O production pathways. However, N
fluxes remained on a low level when NO3
− availability
was low due to rapid plant N uptake. Only when both N
and water uptake were low, high NO3
− availability and
high soil moisture led to strongly increased N losses.
Our study provides evidence that most N losses origi-
nated from denitrification in small anoxic hotspots
where NO3
− was not diluted by nitrification. Simulta-
neously occurring nitrification in oxic parts of the soil
potentially contributed to formation of unlabeled N2O.
Total CO2 efflux was positively correlated with root
dry matter, but there was no indication of any relation-
ship between recovered 13C from root exudation and
cumulative N emissions. We anticipate that higher Corg
availability in pots with large root systems did not lead
to higher denitrification rates, as NO3
− was limiting
denitrification due to plant N uptake. Overall, we con-
clude that root-derived C stimulates denitrification only
when soil NO3
− is not limited and lowO2 concentrations
enable denitrification.
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Pre-experimental plant growth and results from first harvest 
N fertilization during pre-experimental plant cultivation strongly affected plant growth as shown by 
significant differences between aboveground dry matter in all maize treatments at first harvest 
(L>M>S, Supplementary Table 1). Root dry matter was significantly higher in Maize L and M than 
Maize S. Cup plant produced less shoot dry matter than maize, while root dry matter was similar 
to maize treatments. Root:shoot ratio was more than twice as high in cup plant compared to maize 
treatments. While all replicates from each maize treatment showed similar growth, variance in 
cup plant was much higher. Maize S plants showed clear symptoms of N deficiency such as 
reduced growth, yellowish leave color, and low shoot N concentration. Tissue N concentration in 
cup plants was much higher compared to all maize plants.  
 
Table S1: Harvest data of intermediate harvest (replicates 1-6, 44 days after transplanting, 
before labeling).  
 Maize S  Maize M  Maize L  Cup Plant  
Shoot dry matter (g pot-1) 38.0 ± 3.8 c 56.0 ± 2.0 b 67.8 ± 2.2 a 22.1 ± 3.6 d 
Root dry matter (g pot-1) 13.1 ± 1.4 b 18.1 ± 1.1 a 18.1 ± 2.6 a 16.1 ± 4.0 ab 
Root : shoot ratio 0.34 ± 0.03 b 0.32 ± 0.02 b 0.27 ± 0.04 b 0.75 ± 0.23 a 
Shoot N content (%) 0.67 ± 0.09 c 0.82 ± 0.05 c 1.15 ± 0.10 b 2.27 ± 0.31 a 
Root N content (%) 0.62 ± 0.06 c 0.89 ± 0.18 b 0.88 ± 0.09 b 1.51 ± 0.23 a 
NO3- content (mg kg-1) 1.47 ± 0.39 a 0.97 ± 0.16 a 2.07 ± 2.62 a 2.79 ± 3.95 a 
NH4+ content (mg kg-1) 0.60 ± 0.206 b 0.74 ± 0.165 ab 1.10 ± 0.417 a 0.85 ± 0.314 ab 
WEOC content (mg kg-1) 9.74 ± 2.057 b 17.05 ± 2.652 a 16.21 ± 5.287 a 11.98 ± 1.665 ab 
Different letters in one row indicate a significant difference (p<0.05) between 
treatments. 
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Additional simple linear regressions 
Table 2 shows the results of additional simple linear regressions tested to identify the effect of 
plant growth, N uptake, C availability, and soil moisture on total N2O and pool-derived N2O+N2 
fluxes and cumulative emissions. All regressions presented here are not statistically significant at 
p<0.05. 
Table S2: Additional results of simple linear regressions between parameters. 
response predictor adjusted R² p-value n 
non-pool-derived N2O flux CO2 flux -0.005124 0.4308 35 
mean ap_N2O+N2 % water-filled pore space 0.01558 0.2185 35 
mean Fp_N2O  % water-filled pore space 0.01333 0.2309 35 
mean non-pool-derived N2O flux % water-filled pore space -0.02633 0.7839 35 
recovered 13C in soil DM Root 2nd harvest 0.004083 0.3069 24 
recovered 13C in CO2 DM Root 2nd harvest -0.04061 0.7519 24 
recovered 13C in soil+CO2 DM Root 2nd harvest -0.00155 0.3358 24 
Total cumulative N2O recovered 13C in soil -0.03283 0.60093 24 
Total cumulative N2O recovered 13C in CO2 -0.0377 0.689 24 
Pool-derived cumulative N2O+N2  recovered 13C in soil -0.03754 0.686 24 
Pool-derived cumulative N2O+N2  recovered 13C in CO2 -0.01867 0.455 24 
N2O/(N2O+N2) ratio (pool-derived) recovered 13C in soil -0.03074 0.5809 24 
N2O/(N2O+N2) ratio (pool-derived) recovered 13C in CO2 0.04615 0.1602 24 
N2O/(N2O+N2) ratio (pool-derived) cumulative CO2 -0.04464 0.8968 24 
N2O/(N2O+N2) ratio (pool-derived) Plant N uptake -0.04002 0.7377 24 
cumulative N2O (non-pool) cumulative CO2 0.07363 0.1068 24 
cumulative N2O (non-pool) Plant N uptake 0.08866 0.0857 24 
cumulative N2O (non-pool) recovered 13C in soil+CO2 0.08067 0.09632 24 
cumulative N2O (non-pool) recovered 13C in soil 0.07642 0.1025 24 
cumulative N2O (non-pool) recovered 13C in CO2 -0.04009 0.7394 24 
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Abstract. Chemical composition of root and shoot litter con-
trols decomposition and, subsequently, C availability for bi-
ological nitrogen transformation processes in soils. While
aboveground plant residues have been proven to increase
N2O emissions, studies on root litter effects are scarce. This
study aimed (1) to evaluate how fresh maize root litter affects
N2O emissions compared to fresh maize shoot litter, (2) to
assess whether N2O emissions are related to the interaction
of C and N mineralization from soil and litter, and (3) to an-
alyze changes in soil microbial community structures related
to litter input and N2O emissions.
To obtain root and shoot litter, maize plants (Zea mays
L.) were cultivated with two N fertilizer levels in a green-
house and harvested. A two-factorial 22 d laboratory incu-
bation experiment was set up with soil from both N levels
(N1, N2) and three litter addition treatments (control, root,
root+ shoot). We measured CO2 and N2O fluxes, analyzed
soil mineral N and water-extractable organic C (WEOC) con-
centrations, and determined quality parameters of maize lit-
ter. Bacterial community structures were analyzed using 16S
rRNA gene sequencing.
Maize litter quality controlled NO−3 and WEOC availabil-
ity and decomposition-related CO2 emissions. Emissions in-
duced by maize root litter remained low, while high bioavail-
ability of maize shoot litter strongly increased CO2 and N2O
emissions when both root and shoot litter were added. We
identified a strong positive correlation between cumulative
CO2 and N2O emissions, supporting our hypothesis that
litter quality affects denitrification by creating plant-litter-
associated anaerobic microsites. The interdependency of C
and N availability was validated by analyses of regression.
Moreover, there was a strong positive interaction between
soil NO−3 and WEOC concentration resulting in much higher
N2O emissions, when both NO−3 and WEOC were avail-
able. A significant correlation was observed between total
CO2 and N2O emissions, the soil bacterial community com-
position, and the litter level, showing a clear separation of
root+ shoot samples of all remaining samples. Bacterial di-
versity decreased with higher N level and higher input of eas-
ily available C. Altogether, changes in bacterial community
structure reflected degradability of maize litter with easily
degradable C from maize shoot litter favoring fast-growing
C-cycling and N-reducing bacteria of the phyla Actinobacte-
ria, Chloroflexi, Firmicutes, and Proteobacteria. In conclu-
sion, litter quality is a major driver of N2O and CO2 emis-
sions from crop residues, especially when soil mineral N is
limited.
Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction
Chemical composition controls decomposition of both roots
(Birouste et al., 2012; Redin et al., 2014; Silver and Miya,
2001) and plant litter (Jensen et al., 2005; Kögel-Knabner,
2002; Zhang et al., 2008) and, subsequently, C availabil-
ity for biological nitrogen transformation processes in soils.
When O2 concentrations are low, denitrifying soil microor-
ganisms may use nitrate (NO−3 ) as an electron acceptor in the
respiratory chain to break down organic compounds (Zumft,
1997). This leads to loss of plant-available N (Müller and
Clough, 2014) and makes soils an important source of the
greenhouse gas N2O (Ciais et al., 2013).
Plant residues have been proven to increase N2O emis-
sions upon incorporation into soil. When different types of
litter were compared, quality parameters of plant residues,
such as C : N ratio, lignin : N ratio, and chemical composi-
tion of structural components explained a large share of vari-
ances in N2O emissions (Baggs et al., 2000; Chen et al.,
2013; Millar and Baggs, 2004). Especially in drier soils, den-
itrification is largely controlled by the supply of readily de-
composable organic matter (Azam et al., 2002; Burford and
Bremner, 1975; Loecke and Robertson, 2009). Availability of
easily degradable C compounds stimulates microbial respi-
ration, limiting O2 at the microsite level and increasing N2O
emissions (Azam et al., 2002; Chen et al., 2013; Miller et
al., 2008). Furthermore, plant litter enhances local anaero-
bicity by absorbing water from surrounding pores and retain-
ing high moisture concentrations (Kravchenko et al., 2017,
2018).
While effects of aboveground plant residues on N2O emis-
sions have been studied extensively, studies of root residues
on N2O emissions are scarce. In a temperate forest soil, fine
root litter of maize and native tree species did not cause any
N2O emissions, but a very close interrelation between C min-
eralization of fine root litter and N2O emissions was found in
other biomes (Hu et al., 2016). In other studies, lower cumu-
lative N2O emissions were reported after addition of sugar
beet roots compared to leaves (Velthof et al., 2002) and rice
roots compared to rice straw (Lou et al., 2007). Furthermore,
decomposition dynamics of roots have been studied in great
detail, revealing that chemical composition explains most of
its variation (Birouste et al., 2012; Johnson et al., 2007; Ma-
chinet et al., 2011; Redin et al., 2014; Silver and Miya, 2001;
Zhang and Wang, 2015). In general, decomposition rates of
hemicelluloses and pectin are higher than that of cellulose,
while among cell wall components lignin is most resistant
against microbial decomposition (Kögel-Knabner, 2002).
Soil microorganisms are often specialized in specific sub-
strates with fungi being regarded as the main decomposers
of plant materials rich in cellulose and lignin, while hemi-
celluloses and pectin are decomposed by many aerobic and
anaerobic bacteria and fungi (Kögel-Knabner, 2002). While
the phyla Firmicutes, Proteobacteria, and Bacteroidetes are
described as fast-growing copiotrophic bacteria that are stim-
ulated by input of easily degradable C compounds (Fierer
et al., 2016; Pascault et al., 2013), abundance of Acidobac-
teria decreased following the addition of dissolved organic
matter into the soil (Fierer et al., 2016). Similarly, denitri-
fying microorganisms are found in bacteria, fungi, and ar-
chaea depending on substrate availability and environmen-
tal conditions (Zumft, 1997). Fungi are seen as major con-
tributors to denitrification under aerobic and weakly anaer-
obic conditions, while bacterial denitrification predominates
under strongly anaerobic conditions (Hayatsu et al., 2008).
Denitrifying bacteria can be found in most phyla (Zumft,
1997), with dominant populations in Pseudomonas and Al-
caligenes (Gamble et al., 1977; Megonigal et al., 2013). The
most abundant denitrifying bacteria in soil are heterotrophic
and, as such, require a source of electrons or reducing equiv-
alents contained in C compounds of organic matter or plant
residues. Availability of organic C may thus affect both de-
composing and denitrifying soil microorganisms.
In most reported studies on decomposition and N2O emis-
sions, dried and often ground plant material was used. This
facilitates a homogenous distribution in soil and minimizes
differences between replicates. Nevertheless, drying of fine
roots prior to incubation increased their decomposition rate
and led to overestimation of decomposition and nutrient cy-
cling rates (Ludovici and Kress, 2006). Additionally, for-
mation of plant-litter-associated anaerobic hot spots was re-
duced when ground plant material was homogenously mixed
with the soil, while litter aggregation significantly increased
soil N2O emissions (Loecke and Robertson, 2009). Differ-
ences in N2O emissions between two clover species were
observed only with intact (but dried) leaves, but not when
ground material was used (Kravchenko et al., 2018).
The aims of this study were (1) to evaluate how fresh
maize root litter affects N2O emissions compared to fresh
maize shoot litter, (2) to assess to what extent N2O emissions
are related to the interaction of C and N mineralization from
soil and litter, and (3) to analyze the changes in soil microbial
community structures related to litter input and N2O emis-
sions. We hypothesize that differences in N2O emissions be-
tween treatments can be related to degradability of maize lit-
ter with more easily degradable shoot litter leading to higher
N2O formation. We further expect that differences in litter
chemical quality are reflected in the structural composition
of the soil microbial community with higher availability of
N and C leading to a more specialized community.
Maize plants were grown in a greenhouse to produce root
and shoot litter. As in many European countries the law
prohibits addition of mineral N with incorporation of crop
residues or catch crops, we applied two N fertilizer regimes
(low vs. high) to realize differences in soil Nmin concentra-
tion at harvest. We then set up a laboratory incubation experi-
ment with fresh maize root or root and shoot litter under fully
controlled conditions and determined CO2 and N2O fluxes
for 22 d. Soil samples were taken in regular intervals and
analyzed for soil mineral N and water-extractable organic C
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(WEOC) concentrations. At the end of the incubation exper-
iment, soil microbial community structures were analyzed to
identify adaptions to litter input.
2 Material and methods
2.1 Preparation of plants and soils prior to incubation
experiment
The soil for the experiment was collected 10 km south of
Göttingen, Germany, at the experimental farm Reinshof
of the University of Göttingen (51.484◦ N, 9.923◦ E). Soil
was classified as gleyic Fluvisol (21 % clay, 68 % silt,
11 % sand) containing 1.5 % C and 2.81 % humus, with a
pH (CaCl2)= 7.44.
Prior to the incubation experiment, maize plants were
cultivated to obtain shoot and root biomass. For maize
cultivation, Mitscherlich pots were filled with 5 kg of
air-dried and sieved (2 mm) soil previously mixed with
fertilizers (0.2 g N kg−1 as NH4NO3, 0.14 g P kg−1 as
Ca(H2PO4)2, 0.2 g K kg−1 as K2SO4 and 0.04 g Mg kg−1
as MgSO4× 7 H2O including 0.135 g S kg
−1). Soil mois-
ture was adjusted to 25 vol. %, and volumetric water content
(VWC) sensors (EC-5, Decagon Devices, Pullman, USA)
were used to monitor soil water content. Six maize plants
(Zea mays L. var. Ronaldinio) were sown per pot and culti-
vated in a greenhouse with 16 h light and 8 h dark cycles. Pots
were randomized in regular intervals to avoid microclimatic
effects in the greenhouse.
To get different soil mineral N concentrations in soil, a sec-
ond N fertilizer dose (0.2 g N kg−1 as Ca(NO3)2× 4 H2O)
was applied to half of the pots 6 weeks after sowing. Soil
with one N dose is referred to as N1 (0.2 g N kg−1) and soil
with two N doses is referred to as N2 (2× 0.2 g N kg−1).
Plants were harvested 8 weeks after sowing: maize plants
were cut above the soil surface and roots were removed from
soil by sieving and handpicking. Fresh roots were shaken and
slightly brushed to remove adhering soil.
A subsample of aboveground maize biomass and maize
roots was dried at 60 ◦C to determine dry matter contents
and milled to a particle size < 1 mm. To determine water-
extractable C and N concentrations, subsamples were ex-
tracted with H2Obidest (maize root 1 : 1000 w/v; maize shoot
1 : 10000 w/v) for 16 h and analyzed using a multi N/C®
analyzer (model 3100, Analytik Jena, Jena, Germany). An-
other subsample was analyzed for the sum of structural
components following established feedstuff analysis proto-
cols based on the method proposed by Goering and Van
Soest (1970), namely ash-free neutral detergent fiber aND-
Fom (VDLUFA, 2012a), acid detergent fiber ADFom (VD-
LUFA, 2011), and acid detergent lignin ADL (VDLUFA,
2012b). According to the definitions, hemicellulose, cellu-
lose, and lignin contents were calculated as follows: hemi-
cellulose is equal to aNDFom minus ADFom; cellulose is
equal to ADFom minus ADL; lignin is equal to ADL. An-
other subsample was milled using a ball mill, and total car-
bon and nitrogen concentrations were analyzed using a C : N
analyzer (model 1110, Carlo Erba, Milan, Italy).
2.2 Incubation experiment
The incubation experiment consisted of a two-factorial setup
comprising two N levels (N1 and N2) and three litter lev-
els (control: Cn; root: Rt; root+ shoot: RS) (see Table 1 and
Fig. 1 for details). To allow comparison of litter treatments
over soil conditions, the same litter types for both soil N lev-
els were used. As N2 plants had produced greater and health-
ier biomass during the pre-experimental growth phase, only
N2 shoots were used for both soils. Roots from N1 and N2
plants were mixed to ensure sufficient amounts for all repli-
cates. Control soils (N1-Cn and N2-Cn) did not receive plant
biomass, yet they contained C input from rhizodeposition of
the previous maize growth. C remaining from rhizodeposi-
tion, root hairs, and small root fragments was calculated as
the difference in soil C concentration before and after maize
growth. For the root treatment 100 g of fresh root biomass
was added per kilogram of dry soil (N1-Rt and N2-Rt), and
in the root-and-shoot treatment, 100 g of fresh root and 100 g
of fresh shoot biomass were added per kilogram of dry soil
(N1-RS, N2-RS). Each treatment was replicated four times.
Within each N level, soil was homogenized to ensure sim-
ilar starting conditions. Subsamples of both soils were taken
for analysis of mineral N, water-extractable Corg concentra-
tion, and total soil C. Soil mineral N concentrations were
0.93 and 1.97 µg N g−1 for N1 and N2, respectively. Plant lit-
ter was cut to a size of 2 cm and homogeneously mixed with
the soil, simulating residue incorporation and tillage. PVC
pots with a diameter of 20 cm and a total volume of 6.8 L
were filled with fresh soil equivalent to 3.5 kg dry weight pre-
viously mixed with plant litter. Soil was compacted in a step-
wise mode by filling a 2 cm layer of soil in pots and compact-
ing it with a plunger. To ensure continuity between soil lay-
ers, the surface of the compacted layer was gently scratched
before adding the next soil layer. Due to high litter input,
target bulk density was 1.1 g cm−3. Actual bulk density was
determined by measuring headspace height, and these values
were used for calculations.
To adjust soil moisture of all pots to 70 % water hold-
ing capacity (WHC), equivalent to 49 % WFPS, water was
dripped on the soil surface through hollow needles (outer di-
ameter 0.9 mm). Pots were covered with PVC lids to mini-
mize evaporation from the soil and to incubate samples in the
dark. The incubation experiment was carried out under con-
trolled temperature conditions (16 h day at 25 ◦C, 8 h night
at 19 ◦C) for 22 d. Volumetric water content (VWC) sensors
(EC-5, Decagon Devices, Pullman, USA) were used to mon-
itor soil water content.
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Table 1. Two-factorial setup of the incubation experiment. Soil mineral N (Nmin) concentrations were measured directly before onset of the
incubation experiment. C input in the control treatment is from rhizodeposition (RD) only, C input in the root treatment is from rhizode-
position and roots, and C input in root+ shoot is from rhizodeposition, roots, and shoot biomass. N input is from root and shoot biomass,
respectively (FM: fresh matter).
N level Nmin Treatment Litter input C input N input
(µg NO−3 -N g
−1 dry soil) (mg FM g−1 dry soil) (mg C g−1 dry soil) (mg N g−1 dry soil)
N1 0.93 Control RD 3.47 n.d.
Root RD+ 100 3.47+ 4.18= 7.65 0.25
Root+ shoot RD+ 100+ 100 3.47+ 4.18+ 6.16= 13.80 0.25+ 0.27= 0.52
N2 1.97 Control RD 2.74 n.d.
Root RD+ 100 2.74+ 4.18= 6.92 0.25
Root+ shoot RD+ 100+ 100 2.74+ 4.18+ 6.16= 13.07 0.25+ 0.27= 0.52
Figure 1. Preparation and experimental setup of the incubation experiment. N1 (0.2 g N kg−1) and N2 (2× 0.2 g N kg−1) referring to the
N levels during plant growth. Control soil (N1-C and N2-C) without addition of plant litter. Root treatment with addition of 100 g of fresh
root biomass per kilogram of dry soil (N1-R and N2-R) and root+ shoot treatment with addition of 100 g of root and 100 g of shoot biomass
per kilogram of dry soil (N1-RS, N2-RS).
2.3 Gas sampling and analysis
Gas fluxes were measured using the closed-chamber method
(Hutchinson and Mosier, 1981). Gas samples were taken ev-
ery 12 h (morning and evening) for the first 15 d and every
24 h (midday) for the remaining 7 d. Due to technical issues,
gas samples taken in the morning of day 10 to day 15 had to
be discarded. Before gas sampling, all pots were opened for
ventilation to ensure homogenous ambient air background
conditions. Pots were closed with gastight PVC lids, and
30 mL gas samples were taken from each pot 0, 20, and
40 min after closure and filled into pre-evacuated 12 mL Ex-
etainer glass bottles (Labco, High Wycombe, UK). Samples
were analyzed on a Bruker gas chromatograph (456-GC,
Bruker, Billerica, USA) deploying an electron capture de-
tector (ECD) for N2O and a thermal conductivity detector
(TCD) for CO2. Samples were introduced using a Gilson au-
tosampler (Gilson Inc., Middleton, WI, USA). Data process-
ing was performed using CompassCDS software. The ana-
lytical precision was determined by repeated measurements
of standard gases (2500 and 550 ppm CO2, 307, 760, and
6110 ppb N2O) and was consistently < 2 %.
2.4 Soil analyses
Soil samples were taken from the pots using a soil auger of
16 mm diameter on 5, 9, 14, and 22 DAO (days after onset
of experiment). Holes were closed with glass tubes to avoid
variation in the soil surface. Fresh subsamples were analyzed
for water-extractable Corg concentration (WEOC), and a sub-
sample was frozen at−20 ◦C for soil mineral N analysis. To-
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tal soil carbon and nitrogen concentrations were analyzed us-
ing a C : N analyzer (model 1110, Carlo Erba, Milan, Italy).
For determination of soil mineral N content, frozen samples
were extracted with a 0.0125 M CaCl2 solution (1 : 5 w/v)
for 60 min on an overhead shaker (85 rpm). The extracts were
filtered with 615 1/4 filter paper (Macherey-Nagel GmbH &
Co. KG, Düren, Germany) and stored at −20 ◦C. The ex-
tracts were analyzed colorimetrically for the concentrations
of NO−3 and NH
+
4 using the San
++ continuous-flow analyzer
(Skalar Analytical B.V., Breda, the Netherlands). Soil water
content was determined with a parallel set of samples. Net N
mineralization was calculated as the difference between the
NH+4 −N+NO
−
3 −N concentrations at the start and end of the















WEOC was determined according to Chantigny et al. (2007).
Briefly, fresh soil was homogenized with deionized water
(1 : 2 w/v), and samples were centrifuged and filtered with
0.45 µm polyether sulfone syringe filters (Labsolute, Rennin-
gen, Germany) and stored at −20 ◦C. The extracts were an-
alyzed using a multi N/C® analyzer (Analytik Jena, Jena,
Germany).
2.5 Analysis of bacterial community structures
2.5.1 DNA isolation and 16S rRNA gene amplification
To analyze the soil-inhabiting bacterial communities, DNA
was extracted from 0.5 g (fresh weight) of soil sample taken
at the end of the incubation experiment (22 DAO) us-
ing the DNA extraction protocol described by Griffiths et
al. (2000). Plant litter was removed from samples prior to
extraction. In brief, cells were mechanically disrupted us-
ing bead beating, and nucleic acids were extracted using
phenol : chloroform : isoamyl alcohol (25 : 24 : 1; Carl Roth,
Karlsruhe, Germany). Nucleic acids were then precipitated
using polyethylene glycol (Carl Roth, Karlsruhe, Germany)
and washed with 70 % ice-cold ethanol (VWR, Radnor,
Pennsylvania, USA). Subsequently, RNA was removed by
RNase A digestion (Thermo Fischer Scientific, Waltham,
Massachusetts, USA) as described by the manufacturer. The
RNA-free DNA was used for amplification of the V3 to V4
region of the 16S rRNA gene. We used the bacterial primer
pair S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 tar-
geting the V3–V4 region of the 16S rRNA gene described by
Klindworth et al. (2013) with adapters for Illumina MiSeq
sequencing. The polymerase chain reaction (PCR) reaction
mixture contained five-fold Phusion GC buffer, 200 µM of
each of the four deoxynucleoside triphosphates, 5 % DMSO,
0.4 µM of each primer, 1 U of Phusion HF DNA polymerase
(Fisher Scientific GmbH, Schwerte, Germany), and 25 ng of
RNA-free DNA as template. The following cycling scheme
was used for DNA amplification: initial denaturation at 98 ◦C
for 5 min and 25 cycles of denaturation at 98 ◦C for 45 s, an-
nealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s, fol-
lowed by a final extension at 72 ◦C for 10 min. For each sam-
ple, PCR reactions were performed in triplicate. Resulting
PCR products were pooled in equimolar amounts and puri-
fied using the QIAquick Gel Extraction kit (Qiagen, Hilden,
Germany) as recommended by the manufacturer. Quantifica-
tion of the PCR products was performed using the Quant-iT
dsDNA HS assay kit and a Qubit fluorometer as described by
the manufacturer (Invitrogen GmbH, Karlsruhe, Germany).
Indexing of the PCR products was performed by the Göt-
tingen Genomics Lab (G2L, Göttingen, Germany) using the
Nextera XT Index kit as recommended by the supplier (Illu-
mina, San Diego, CA, USA), and sequencing of 16S rRNA
amplicons was performed using the dual index paired-end
approach (2× 300 bp) with v3 chemistry for the Illumina
MiSeq platform.
2.5.2 Sequence processing
All bioinformatic processing of sequence data was done us-
ing Linux-based software packages. Adapter removal and
quality filtering of raw paired-end sequences was done us-
ing fastp v0.19.6 (Chen et al., 2018), with base correc-
tion in overlapped regions, a qualified quality phred of 20,
size exclusion of sequences shorter than 50 bp, and per read
trimming by quality (phred 20). Merging of quality-filtered
paired-end reads was done by PEAR v0.9.11 (64 bit) with
default parameters (Zhang et al., 2014). Primer removal
was conducted using cutadapt v1.18 (Martin, 2013). Subse-
quently, dereplication, denoising, and chimera detection and
removal (denovo followed by reference based against the
SILVA 132 SSU database) were performed with VSEARCH
v2.13.0 (64 bit) (Rognes et al., 2016). Taxonomic classi-
fication of the amplicon sequence variants (ASVs, 100 %
sequence identity) was performed with BLAST+ v2.7.1
against the SILVA 132 SSU reference database (Quast et
al., 2013). Subsequently, extrinsic domain ASVs and chloro-
plasts were removed from the dataset. Sample comparisons
were performed at the same surveying effort of 61200 se-
quences. Statistical analyses were done using ASVs in R
version 3.5.3 (R Core Team, 2019). The R package am-
pvis2 v2.4.7 (Andersen et al., 2018) was used to determine
species richness, alpha diversity estimates, and rarefaction
curves and to prepare all graphs. To visualize the multivariate
constrained dispersion, canonical correspondence analysis
(CCA) was conducted with Hellinger transformed data (Leg-
endre and Gallagher, 2001), and ASVs with a relative abun-
dance lower than 0.1 % in any sample were removed. Cor-
relations of environmental parameters to the bacterial com-
munities were analyzed using the envfit function of the ve-
gan package v2.5-4 (Oksanen et al., 2015) and projected into
the ordination with arrows with a p-value cutoff of 0.005.
For further statistical analysis of the microbial community
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composition (on phyla, order, and genus levels) and diver-
sity (Shannon, Simpson, and PD index), multivariate gener-
alized linear models (MGLMs; with N level and litter addi-
tion as factors) as implemented in the mvabund R package
v4.0.1 were employed with adjusted p values (Wang et al.,
2019). For the generalized linear model analysis of variance
(MGLM-ANOVA) tests, p values < 0.05 were considered to
be significant. In addition, core microbiomes and respective
responders were analyzed at the genus level, grouped by ei-
ther the applied litter treatment or N fertilizer levels using
ampvis2 v2.4.7.
For one replicate of N2-Rt, DNA concentration was
very low and the 16S rRNA gene could not be amplified.
Thus, we only evaluated the remaining three replicates of
this treatment. In addition, we attempted to analyze the
soil-inhabiting fungal community using the fungus-specific
primer set ITS3_KYO2 and ITS4 (Toju et al., 2012), but we
were not able to amplify them.
2.6 Calculations and statistical analyses
All statistical analyses were performed using the statistical
software R version 3.5.2 (R Core Team, 2018). Arithmetic
means and standard error of the four replicates were calcu-
lated for CO2 and N2O fluxes. Cumulative gas emissions
were calculated by linear interpolation between measured
fluxes. To account for different C input in treatments, cu-
mulative CO2 and N2O emissions were standardized against
the C input per treatment (see Table 1 for details on C in-
put). Tukey’s HSD test was used after analysis of variance
to test for treatment effects (i.e., N level and litter addition)
on cumulative CO2 emissions. An interaction was identified
between N level and litter addition on cumulative N2O emis-
sions using interaction plots from the package HH v3.1-35
(Heiberger, 2018). A linear model using generalized least
squares (gls) was fitted between cumulative N2O as a re-
sponse variable and N level, litter addition, and their interac-
tion as fixed effects. Additionally, the model was fitted to ac-
count for inhomogeneous within-class variances. Estimated
marginal means were then computed to analyze treatment ef-
fects using the R package emmeans v1.3.4 (Lenth, 2018).
Several regression models were tested to analyze the effect of
maize litter on cumulative N2O emissions including the fac-
tors cumulative CO2 emissions, initial soil NO−3 concentra-
tion, and net N mineralization during the incubation period.
For cumulative CO2 emissions, regression models included
the factors total C input, water-extractable C input, hemicel-
lulose fraction, cellulose fraction, and lignin fraction from all
litter treatments (Cn, Rt, RS, n= 24).
To evaluate effects of soil environmental variables on N2O
and CO2 fluxes, a linear mixed-effect model (lme) was fit-
ted between N2O fluxes (ln transformed), soil NO−3 -N and
WEOC concentrations using the lme function from the pack-
age nlme v3.1-131 (Pinheiro et al., 2017). Pseudo-R2 for lme
was calculated using r.squaredGLMM from the package Mu-
Table 2. Chemical characteristics of maize root and shoot litter used
in the incubation experiment. Hemicellulose and cellulose are ex-
pressed relative to lignin content.
Root Shoot
Dry matter (%) 62.9 14.7
C : N ratio 17.0 23.2
Lignin : N ratio 2.82 1.44
Water-soluble Corg (percent of total C) 11.6 23.4
Water-soluble N (percent of total N) 8.8 25.8
Hemicellulose (relative content) 3.36 9.08
Cellulose (relative content) 3.18 11.5
Lignin (relative content) 1 1
MIn v1.42.1 (Barton, 2018). Soil NO−3 -N and WEOC con-
centrations between sampling dates were estimated by linear
interpolation. Only evening and midday gas measurements
were included in model calculations. To account for repeated
measurements, incubation vessel and sampling day were set
as random effects. Models were compared using maximum
likelihood (ML), selected using AIC (Akaike’s information
criterion), and fitted using restricted maximum likelihood
(REML).
All plots were made using the statistical software R ver-
sion 3.5.2 (R Core Team, 2018) including the packages
plotrix v3.7.4 (Lemon, 2006), plot3D v1.1.1 (Soetaert,
2017), and viridisLite v0.3.0 (Garnier, 2018).
3 Results
3.1 Chemical analyses of maize litter
Maize root and shoot litter differed in their chemical com-
positions (Table 2). Dry matter content of maize roots was
much higher compared to shoot as roots had not been washed
prior to analyses, so some soil adhering to roots was in-
cluded in dry matter determinations. Thus, we calculated
water-extractable concentrations in relation to total C instead
of dry matter. Maize shoot litter was characterized by higher
concentrations of water-soluble C and N and a higher share
of easily degradable compounds like hemicellulose and cel-
lulose compared to maize roots.
3.2 CO2 and N2O fluxes and cumulative emissions
Addition of maize litter increased CO2 fluxes compared to
the control treatment (Fig. 2), where addition of root and
shoot litter (N1-RS, N2-RS) resulted in much higher fluxes
compared to roots only (N1-Rt, N2-Rt). While absolute emis-
sion rates were strongly affected by litter input, time courses
were similar in all litter treatments without visible differ-
ences between N1 and N2. CO2 fluxes stayed on a similar
level for the first 10 d after onset of incubation, showing fluc-
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Figure 2. CO2 fluxes from soils with two N levels (N1, N2) after in-
corporation of maize root litter (Rt), maize root+ shoot litter (RS),
and control (Cn) without litter. Error bars show the standard error of
mean values (n= 4). When not visible, error bars are smaller than
the symbols.
Figure 3. (a, b) N2O fluxes from soils with two N levels (N1, N2)
after incorporation of maize root litter (Rt), maize root+ shoot lit-
ter (RS), and control (Cn) without litter. Error bars show the stan-
dard error of mean values (n= 4). When not visible, error bars are
smaller than the symbols. Note: data of (b) are excerpts from (a)
and are shown with a different scaling.
tuations between morning and evening sampling times, and
then constantly decreased until the end of the experiment.
After a short lag phase right after the onset of experiment,
N2O emissions increased in all litter treatments compared to
control treatments (Fig. 3a, b). The highest fluxes were mea-
sured in N2-RS, reaching 7.8 pg N2O-N g−1 s−1 on day 5.
Fluxes stayed on a similar level from day 7 to day 15 and
then declined until the end of the experiment. N2O fluxes
from root (N1-Rt, N2-Rt) and control treatments (N1-Cn,
N2-Cn) remained at a low level during the whole incubation
period (≤ 0.59 pg and ≤ 0.04 pg N2O-N g−1 s−1, for Rt and
Cn, respectively). N2O fluxes from N1 were slightly lower
than from N2 in both litter treatments. Over all treatments
and sampling dates, CO2 and N2O fluxes were positively cor-
related (R2 = 0.5993, p<0.001, data not shown).
To account for different C inputs in treatments, cumulative
CO2 and N2O emissions were standardized against the C in-
put per treatment (Table 3). Still, cumulative CO2 emissions
were almost twice as high in Rt and about 4 times higher
in RS compared to Cn (p<0.05), indicating that differences
between litter treatments cannot simply be explained by dif-
ferences in C input. Addition of maize root and shoot litter
increased cumulative N2O emissions by roughly a factor of
100 compared to control treatments (p<0.05). In contrast,
root litter increased cumulative N2O emissions only by a fac-
tor of 5.4 (N1-Rt) and 7 (N2-Rt) compared to the respective
controls (p<0.05).
3.3 Soil NO−3 , NH
+
4 , and water-extractable Corg
concentrations
Addition of maize litter affected the time course of soil NO−3 ,
NH+4 , and WEOC concentrations (Fig. 4a–c). In control
treatments, initial soil NO−3 concentrations of 0.93 (N1-Cn)
and 1.97 µg NO−3 -N g
−1 dry soil (N2-Cn) continuously in-
creased until the end of the experiment, reaching concentra-
tions of 8.24 µg N g−1 (N1-Cn) and 11.74 µg N g−1 (N2-Cn),
respectively. Soil NH+4 concentrations showed variations at a
low level only. Soil NO−3 concentrations were continuously
higher in N2 than in N1 and differences in soil NH+4 concen-
tration were small. Higher fertilization in N2 during previous
plant growth led to higher residual organic N and higher net
N mineralization (7.61 and 10.08 µg N g−1 for N1-Cn and
N2-Cn, respectively, Table 4) during the incubation experi-
ment. In treatments with litter, soil NO−3 concentrations de-
creased after an initial increase. In root treatments, soil NO−3
concentrations continuously decreased until the end of the
incubation experiment to 1.9 (N1-Rt) and 2.5 µg N g−1 (N2-
Rt), while in root-plus-shoot treatments soil NO−3 concentra-
tions increased again until the end of the experiment, reach-
ing concentrations of 9.46 (N1-RS) and 9.52 µg N g−1 (N2-
RS). During the whole incubation period, soil NO−3 concen-
trations in RS were higher than in Rt. Soil NH+4 concentra-
tions only marginally increased for Rt. Contrary to Rt and
Cn, soil NH+4 concentrations increased until the end of the in-
cubation experiment to 1.68 (N1-RS) and 1.52 µg N g−1 (N2-
RS) in root-and-shoot treatments. Net N mineralization was
1.44 (N1-Rt) and 1.10 µg N g−1 (N2-Rt) in root treatments,
and 14.32 (N1-RS) and 14.14 µg N g−1 (N2-RS) in root-and-
shoot treatments (Table 4). Maize root litter did not affect
WEOC, as concentrations were similar to Cn throughout the
incubation period. However, in RS treatments, WEOC in-
creased after the onset of incubation, reaching the highest
values (45.32 µg C g−1) for N1-RS at day 9, after which it
decreased until the end of the experiment.
3.4 Relations between N2O emissions and C and N
parameters of plant litter and soil
To identify the effect of N and C availability on N2O fluxes,
a linear mixed-effect model was applied. The best model
included a significant interaction between soil NO−3 and
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Figure 4. (a–c) NO−3 , WEOC, and NH
+
4 concentration from soils with two N levels (N1, N2) after incorporation of maize root litter (Rt),
maize root+ shoot litter (RS), and control (Cn) without litter. Error bars show the standard error of mean values (n= 4) (day 0: n= 3). When
not visible, error bars are smaller than the symbols.
Figure 5. Prediction of N2O fluxes (pg N2O-N g−1 s−1) (ln trans-
formed) based on soil NO−3 (µg N g
−1) and water-extractable Corg
(µg C g−1) concentrations based on a linear mixed-effect model
(pseudo-R2 = 0.82).
WEOC (p<0.0024, pseudo-R2 = 0.82, Table 5) and incuba-
tion vessel and sampling time as random parameters. Predic-
tions of N2O fluxes based on this model are shown in Fig. 5.
Linear regression analyses were used to identify relations
between cumulative CO2 and N2O emissions, litter qual-
ity, and N parameters. Either hemicellulose+ cellulose frac-
tion or water-extractable C fraction of plant litter explained
more than 96 % of variance of total cumulative CO2 emis-
sions (p<2.2× 10−16) (Table 6). Regression analyses of the
relationships between total cumulative N2O emissions and
influencing factors identified a strong positive relationship
between total cumulative N2O emissions and total cumula-
tive CO2 emissions (R2 = 0.9362, p<7.632× 10−15) (Ta-
ble 7) and between cumulative N2O emissions and miner-
alized N (R2 = 0.5791, p<9.551× 10−06), while initial soil
NO−3 concentration did not explain any variance.
3.5 Bacterial community structure
The comparison over all maize litter treatments revealed that
the bacterial diversity was slightly higher in N1 than in N2
soil as shown by a higher number of amplicon sequence vari-
ants (ASVs, R2 = 0.1195, p = 0.059, Fig. S1 in the Supple-
ment). In addition, the alpha diversity indices Shannon (R2 =
0.1844, p = 0.023) and Simpson (R2 = 0.1131, p = 0.065)
as well as Faith’s phylogenetic diversity (PD; R2 = 0.1844,
p = 0.059) were higher for N1 than for N2 samples (Table S4
in the Supplement).
The canonical correspondence analysis revealed a sig-
nificant correlation (p<0.001) of the bacterial community
composition with total CO2 (R2 = 0.6758) and N2O (R2 =
0.6179) emissions and the litter level, expressed by a clear
separation of the N1-RS and N2-RS samples of all other sam-
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Table 4. N mineralization during the incubation period.
N Treatment N mineralized during incubation
level (µg N g−1 dry soil)
N1 Control 7.61± 0.98 b
Root 1.44± 0.72 a
Root+ shoot 14.32± 2.66 c
N2 Control 10.08± 1.76 b
Root 1.10± 0.68 a
Root+ shoot 14.14± 4.83 c
Values represent means (n= 4)± standard deviation. Different letters in the
same column indicate a significant difference according to Tukey’s HSD post
hoc tests at p ≤ 0.05.
Table 5. Significance of fixed effects of soil NO−3 -N (µg NO
−
3 -
N g−1), water-extractable organic C (WEOC, µg C g−1), and first-
order interaction on N2O fluxes (pg N2O-N g−1 h−1; ln trans-
formed) using a linear mixed-effect model.
Estimate Standard error p value
Intercept −0.2181 0.1268 0.0860
NO−3 -N −0.0043 0.0165 0.7930
WEOC 0.0094 0.0053 0.0770
NO−3 -N×WEOC 0.0023 0.0008 0.0024
ples (Fig. 6). With increasing C input, N2 samples cluster
more closely than N1 samples. No significant correlation of
litter level and microbial diversity was observed and PD in-
dex increased in N1 samples with increasing C input, while
the opposite was found for N2 samples. Comparison of N1-
Cn and N1-RS revealed no difference in diversity indices
(Shannon and Simpson), while N1-Rt showed lower Shan-
non and Simpson diversity indices (Table S4). The Shannon
diversity index was lowest in N2-Rt comparing all N2 treat-
ments, while the Simpson index was lowest for N2-RS.
Overall, the soil bacterial communities were dominated
by Actinobacteria, Proteobacteria, and Chloroflexi account-
ing for 151 % to 31 % (Fig. S2). The highest relative abun-
dance of Actinobacteria and Chloroflexi was found in N2-
Rt and of Proteobacteria in N1-R. Among these phyla, the
orders Gaiellales (Actinobacteria), Sphingomonadales (Pro-
teobacteria), and Thermomicrobiales (Chloroflexi) showed
the highest relative abundance, especially in N2-Rt (9.3 %),
N1-Rt (7.5 %), and N2-RS (9 %), respectively. Nevertheless,
the phyla Acidobacteria, Planctomycetes, Verrucomicrobia,
Gemmatimonadetes, Firmicutes, Patescibacteria, and Bac-
teroidetes were also detected (> 1 %) (Fig. 7). In detail, Bac-
teroidetes and Gemmatimonadetes decreased (with a neg-
ative slope, but not significant) with increasing N level,
while the abundance of Firmicutes increased significantly
(p = 0.038). In addition, although present only in low rel-
ative abundance, the Cyanobacteria decreased significantly
(p = 0.003) with increasing N levels. At the genus level,
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Table 6. Results of regression analyses of the relationship between total cumulative CO2 emissions and C quality parameters of plant litter
(AICc: Akaike’s information criterion).
Regression Residual standard Degrees of Adjusted R2 p value AICc
model error freedom
CO2 ∼ Total litter C input 274.5 22 0.9213 7.65× 10−14 342.73
CO2 ∼Water-soluble C input 181.9 22 0.9655 <2.2× 10−16 322.98
CO2 ∼ Hemicellulose 272.4 22 0.9225 6.497× 10−14 342.38
CO2 ∼ Cellulose 221.1 22 0.9489 6.478× 10−16 332.35
CO2 ∼ Lignin 496.6 22 0.7425 3.873× 10−08 371.19
CO2 ∼ Hemicellulose+ cellulose 180.2 21 0.9661 <2.2× 10−16 324.32
Table 7. Results of regression analyses of the relationship between total cumulative N2O emissions, total cumulative CO2 emissions, and N
parameters of plant litter and soil (AIC: Akaike’s information criterion).
Regression Residual standard Degrees of Adjusted R2 p value AIC
model error freedom
N2O ∼ CO2 593.9 22 0.9366 7.073× 10−15 379.78
N2O ∼ Initial soil NO
−
3 2404 22 −0.03885 0.7119 446.89
N2O ∼Mineralized N 2191 22 0.5791 9.551× 10−06 425.21
Pseudomonas, Altererythrobacter, Gaiella, Nocardioides,
Agromyces, Bacillus, and Lysobacter were most abundant,
accounting for up to 5.7 % of all ASVs. Accordingly, these
were also the most abundant genera attributed to the core
microbiome (Tables S6 and S8). Overall, 80 genera rep-
resented the core microbiome, when grouped by N levels,
while 21 genera and six genera were identified as responders
to N1 and N2, respectively (Fig. S5). In detail, the classi-
fied responders to the applied N treatments were the gen-
era Chthonibacter, Luteimonas, Sphingobium, Novosphingo-
bium, Adhaeribacter, Nitrospira, Gemmata, and Devosia for
N1 and Conexibacter for N2 samples (Table S8). The gen-
era Bacillus, Gaiella, Altererythrobacter, Blastococcus, and
Pseudomonas showed the highest abundance in N2 sam-
ples, while Lysobacter and Sphingomonas were more abun-
dant in N1 samples (Fig. S3). When grouped by litter treat-
ment, the core microbiome comprised 77 genera accounting
for 73 % of the relative abundance, while 9, 3, and 10 gen-
era were identified as responders to the applied litter treat-
ments control, root, and root+ shoot, respectively (Fig. S5).
Nonomuraea, Fluviicola, and Nitrospira responded to the
root+ shoot treatment, while the genera Lapillicoccus and
Adhaeribacter responded to the root treatment (Table S7).
The genera Litorilinea, Gemmata, Novosphingobium, and
Opitutus were identified as responders to the control treat-
ment. For N levels and litter treatments, respectively, 833
and 838 genera were identified as non-core microbiomes, ac-
counting for 20 % and 19.5 % of relative abundance (Fig. S5).
The most abundant classified species found were
Agromyces sp., Bacillus sp., and Sphingomonas sp. Never-
theless, species such as Pseudomonas sp., Nitrosospira sp.,
Nitrosospira briensis, Alcaligenes sp., and Mesorhizobium
sp. were also identified. Overall, the bacterial community
composition was significantly influenced by N level (p =
0.005) and maize litter treatment (p = 0.033).
4 Discussion
4.1 Decomposability of maize litter
Maize root and shoot litter quality controlled NO−3 and
WEOC availability and decomposition-related CO2 emis-
sions during the initial phase of maize litter decomposition.
Harvest of plants, removal of roots, and mixing of soil fos-
tered mineralization and nitrification, as reflected by grad-
ually increasing soil NO−3 concentrations. The absence of
changes in soil NH+4 concentrations in control treatments
without litter addition (N1-Cn, N2-Cn) indicates that all
NH+4 was directly nitrified. Also in controls, available C
was low as indicated by low CO2 emissions and decreas-
ing WEOC concentrations. The potential for mineralization
in soil is known to be high after tillage (Höper, 2002) and
positive net mineralization has been reported in control soil
without litter addition (Machinet et al., 2009; Velthof et al.,
2002) and in the fallow period after rice harvest (Aulakh et
al., 2001).
Maize shoot litter was characterized by a high share of
easily degradable compounds. High percentages of water-
soluble N and water-soluble Corg from maize shoot litter
strongly increased soil WEOC and NO−3 concentrations.
Availability of easily degradable compounds was also re-
flected by strongly increased CO2 fluxes and cumulative
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Figure 6. Canonical correspondence analysis (CCA) displaying the compositional distribution of the soil-inhabiting bacterial communities
between the control (N1-C and N2-C; n= 4), root (N1-R and N2-R; n= 4 and n= 3), and root+ shoot (N1-RS and N2-RS; n= 4) treat-
ments. Significant correlations of total CO2 and N2O emissions are shown by black arrows(p ≤ 0.005). The relative contribution (eigenvalue)
of each axis to the total inertia in the data as well as to the constrained space only are indicated in percent in the axis titles.
emission from N1-RS and N2-RS. While net mineralization
in RS was similar to Cn, it was very small in Rt, indicating
that N from mineralization was immobilized by soil microor-
ganisms to decompose root C compounds (Robertson and
Groffman, 2015). Cumulative CO2 emissions in litter treat-
ments were clearly higher than in the control treatment, but
CO2 fluxes continuously decreased after the onset of incu-
bation, as easily degradable C was consumed. This is in ac-
cordance with results of Hu et al. (2016), who reported that
maize fine root input initially increased CO2 fluxes, which
then decreased during the first 20 d of incubation.
Mineralization of plant litter may increase soil NO−3 con-
centrations in particular when C : N ratios are low (Li et al.,
2013; Millar and Baggs, 2004). However, net N immobi-
lization has been reported after addition of roots of maize
(Machinet et al., 2009; Mary et al., 1993; Velthof et al.,
2002), wheat (Jin et al., 2008; Velthof et al., 2002), bar-
ley, and sugar beet (Velthof et al., 2002), reaching a maxi-
mum around day 21 (Mary et al., 1993). Chemical compo-
sition has been proven to be the primary controller of de-
composition rates of both roots (Birouste et al., 2012; Redin
et al., 2014; Silver and Miya, 2001) and aboveground plant
litter (Jensen et al., 2005; Zhang et al., 2008) of many dif-
ferent species. Slower decomposition of roots compared to
leaves and stems was related to differences in chemical com-
position of plant organs (Jenkinson, 1965; Johnson et al.,
2007). Accordingly, decomposition of roots from 16 maize
genotypes was controlled by soluble residue components in
the short term, whereas lignin and the interconnections be-
tween cell wall polymers were important in the long term
(Machinet et al., 2011). In our study, regression analyses
identified a strong positive relationship between cumulative
CO2 emissions and water-extractable C fraction of plant litter
(R2 = 0.966, p<2.2× 10−16) (Table 6).
4.2 N2O emissions as affected by biodegradability of
maize litter and soil N level
Denitrification in soil is largely controlled by the supply of
readily decomposable organic matter (Azam et al., 2002;
Burford and Bremner, 1975; Loecke and Robertson, 2009),
leading to significant correlations between both N2O and
CO2 fluxes and cumulative emissions (Azam et al., 2002;
Fiedler et al., 2017; Frimpong and Baggs, 2010; Huang et al.,
2004; Millar and Baggs, 2004, 2005). CO2 fluxes increased
directly with the onset of incubation and started to decline
after day 10; thus mostly C compounds with a short turnover
time, i.e., sugars, proteins, starch, and hemicellulose, were
decomposed and contributed to CO2 fluxes. Availability of
easily degradable C compounds stimulates microbial respi-
ration, limiting O2 at the microsite level and thus increasing
N2O emissions from denitrification (Azam et al., 2002; Chen
et al., 2013; Miller et al., 2008). Accordingly, N2O fluxes in-
creased after a lag phase of 2 d. The strong positive correla-
tion (R2 = 0.9362, p ≤ 7.632× 10−15) between cumulative
CO2 and N2O emissions (Table 7) further supports our hy-
pothesis that litter quality, in particular degradability of C
compounds, affects N2O fluxes from denitrification by creat-
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ing plant-litter-associated microsites with low O2 concentra-
tions.
High mineralization in RS treatments may have especially
favored coupled nitrification–denitrification where NO−2 and
NO−3 are produced by nitrifiers in aerobic habitats and subse-
quently denitrified by denitrifiers in close-by anaerobic habi-
tats (Butterbach-Bahl et al., 2013; Wrage et al., 2001). Here,
N2O is mainly produced in the interface of aerobic and anaer-
obic zones, which are typically found in plant litter associ-
ated hot spots (Kravchenko et al., 2017). In addition, N2O
can also be produced aerobically during heterotrophic and
autotrophic nitrification (Anderson et al., 1993; van Groeni-
gen et al., 2015; Wrage et al., 2001; Zhang et al., 2015).
In both processes, N2O can be formed as a byproduct from
chemical hydroxylamine oxidation (Butterbach-Bahl et al.,
2013; van Groenigen et al., 2015). Nitrifier denitrification
as a pathway of autotrophic nitrification has been reported
mostly under soil conditions differing from our study, namely
high NO−2 , NH3, or urea concentrations and low organic C
availability (Wrage-Mönnig et al., 2018; Wrage et al., 2001).
In contrast, with high availability of organic C and N com-
pounds, high N2O emissions from heterotrophic nitrification
have been reported (Anderson et al., 1993; Hu et al., 2016;
Papen et al., 1989; Wrage et al., 2001). Zhang et al. (2015)
reported 72 %–77 % of N2O being produced by heterotrophic
nitrification from an arable soil under incubation conditions
similar to our study. However, Li et al. (2016) estimated that
denitrification was the dominant source of N2O in residue-
amended soil at 40 %–60 % WFPS. High correlation of cu-
mulative N2O emissions and mineralized N during the in-
cubation period (R2 = 0.5791, p<9.551× 10−06) indicates
that, in addition to denitrification, heterotrophic nitrification
may have contributed to N2O production in our study. How-
ever, to further differentiate between processes contributing
to N2O production, stable isotope methods need to be used
(Baggs, 2008; Butterbach-Bahl et al., 2013; van Groenigen
et al., 2015; Wrage-Mönnig et al., 2018).
Another aim of this study was to investigate the effect of
residual mineral N on plant-litter-induced N2O emissions.
To this end, we included two N levels that were obtained
by different N fertilization during the pre-experimental plant
growth phase (N1: 0.2 µg N g−1, N2: 2×0.2 µg N g−1). At the
onset of the incubation experiment, soil mineral N concentra-
tion was twice as high in N2 compared to N1 but generally
very low (0.93 and 1.97 µg NO−3 -N g
−1 dry soil for N1 and
N2, respectively). Higher N fertilizer input in N2 during plant
growth led to lower C input from rhizodeposition (Table 1),
which is consistent with literature findings (Kuzyakov and
Domanski, 2000; Paterson and Sim, 1999). Cumulative N2O
emissions tended to be higher in N2 than in N1, suggesting
that NO−3 was limited, especially in RS treatments where C
availability was highest. In addition, litter chemical quality
strongly affected N availability.
Under N-limiting conditions, a higher portion of N is re-
covered in soil microbial biomass in relation to litter N input
(Bending and Turner, 1999; Troung and Marschner, 2018).
When N is abundant relative to C availability, excess N is re-
leased by soil microorganisms and can be lost as N2O. In Rt,
where N availability was low, N was immobilized by soil mi-
croorganisms and N2O emission were low. When more easily
degradable N was added with maize shoots, N released from
decomposition of maize shoots presumably fostered decom-
position of maize roots (Robertson and Groffman, 2015) and
denitrification of excess N, leading to strongly increased CO2
and N2O emissions in RS. To estimate the contribution of
plant litter N to mineralization, immobilization, and denitri-
fication, 15N-labeled litter together with analysis of microbial
biomass N and 15N2O emissions could be used (e.g., Frim-
pong and Baggs, 2010; Ladd et al., 1981).
The interdependency of C and N availability was further
validated by analyses of regression, highlighting a strong
positive interaction between soil NO−3 and WEOC concen-
trations resulting in much higher N2O emissions only when
both NO−3 and WEOC were available. This further supports
our findings that high bioavailability of maize shoot litter in-
creased microbial respiration by heterotrophic microorgan-
isms, resulting in plant-litter-associated hot spots with high
N2O formation.
Variation in N2O emissions is often related to quality pa-
rameters of plant residues, mostly the C : N ratio (Baggs et
al., 2000; Chen et al., 2013; Millar and Baggs, 2004; Novoa
and Tejeda, 2006). Especially easily degradable fractions,
such as water-soluble C (Burford and Bremner, 1975) or the
holocellulose fraction (hemicelluloses+ cellulose) (Jensen
et al., 2005), explained a large share of variability of C min-
eralization and N2O emissions, while lignin content was not
relevant (Redin et al., 2014; Silver and Miya, 2001). Com-
paring 28 laboratory and field studies, Chen et al. (2013) re-
ported that microbial-growth-induced microsite anaerobicity
could be the major driver for the dynamic change in soil N2O
emissions following residue amendment, and Kravchenko et
al. (2017) showed that water absorption by plant residues
further enhances formation of plant-litter-associated anaer-
obic hot spots. In the initial phase of decomposition, water-
soluble compounds (sugars, amino acids) are leached from
litter, providing easily degradable compounds for microbial
metabolism. After litter addition, CO2 fluxes increased im-
mediately due to increased respiration, rapidly reducing pO2,
and creating anaerobic microsites. We anticipate that forma-
tion of such hot spots was further enhanced by the amount of
litter addition, as litter input was higher in RS than in Rt, and
higher compared to other studies (Chen et al., 2013).
In addition to soil mineral N concentration and plant litter,
soil type and soil moisture may have influenced our results
(e.g., Aulakh et al., 1991). Increasing soil moisture leads to
increasing N2O emissions, but relative contribution of nitrifi-
cation and denitrification to N2O formation may change with
increasing soil moisture (Bateman and Baggs, 2005; Baral et
al., 2016; Li et al., 2016). Therefore, future experiments with
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Figure 7. Heat map of the 16 most abundant bacterial orders of the soil-inhabiting bacterial community grouped by N levels and litter input
(n= 4, except for N2 root: n= 3).
different soil moisture contents should include methods to
differentiate between N2O formation pathways.
4.3 Bacterial community response to maize litter input
and soil N level
After litter addition, the bacterial community adapts within a
few days to substrate availability (Pascault et al., 2013). The
canonical correspondence analysis (CCA) showed a clear
correlation of the soil-inhabiting bacterial community, litter
input, and total CO2 and N2O emissions. As shown by the
CCA, the bacterial community structure in N1-RS and N2-
RS was distinct from that in the control samples and soil
with addition of root residues. Combined addition of root
and shoot litter affected the soil bacterial community, lead-
ing to a less diverse and more specialized community struc-
ture, which was also shown by the alpha diversity indices
(see Table S1). A significant reduction of soil bacterial diver-
sity was induced by different N levels, as previously shown
by Zeng et al. (2016). In addition, Rousk and Bååth (2007)
observed a negative correlation between mineral N addition
and bacterial growth, while the addition of barley straw and
alfalfa correlated positively. The phylogenetic diversity (PD)
supports these findings by showing a more complex picture.
While PD in N1 samples increased with increasing C input,
it decreased in N2 samples with increasing C input, indicat-
ing a shift of the influencing factors from the C input to the N
level. Accordingly, the increase in N2O emissions from N2
compared to N1 was smaller in RS where C availability was
the highest, indicating that N was limited here.
The most abundant phyla in our soil samples were the Acti-
nobacteria, Proteobacteria, and Chloroflexi. Among these
phyla, the genera Pseudomonas (Proteobacteria) and Gaiella
(Actinobacteria) were also affiliated with the core micro-
biomes. Thermomicrobiales (Chloroflexi) showed the high-
est abundance in N2 samples, indicating their involvement
in N cycling. Pseudomonas species such as Pseudomonas
aeruginosa, P. stutzeri, and P. denitrificans are known to re-
duce NO−3 and to contribute to N2O and N2 emissions (Carl-
son and Ingraham, 1983). Gaiella occulta, belonging to Acti-
nobacteria, is also known for the reduction of NO−3 to NO
−
2
(Albuquerque et al., 2011). The genus Thermomicrobiales
comprises species which can grow on nitrate, ammonia, and
alanine as sole nitrogen sources and are able to hydrolyze cel-
lulose or starch (Houghton et al., 2015). Relative abundance
of Thermomicrobiales increased with N and C input, indicat-
ing favorable growth conditions for this genus (Fig. 7).
We further identified several genera involved in C cy-
cling including members of Agromyces, Bacillus, and Mi-
cromonospora, which were also affiliated with the core mi-
crobiome. Agromyces ulmi was present in low abundance in
our samples and it is known to contribute to C cycling in soils
through xylanolytic activity (Rivas et al., 2004). Members of
the genus Bacillus (Firmicutes) have been reported to play
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a crucial role in carbon cycling in a wide range of environ-
ments by functions such as plant growth promotion or pro-
duction of amylases and cellulases (Lyngwi and Joshi, 2014).
Among the genus Bacillus, we found one species, Bacillus
sp. KSM-N252, in relatively high abundance (1 %–2 %) in
N2 samples. This species encodes an alkaline endoglucanase,
which can hydrolyze cellulose (Endo et al., 2001). Similarly,
Micromonospora (Actinobacteria) are known to produce hy-
drolytic enzymes showing cellulolytic and xylanolytic ac-
tivity (Carro et al., 2018; de Menezes et al., 2012). Abun-
dance of Bacillus sp. KSM-N252 (N2-Cn 2 %, N2-Rt 1.1 %,
and N2-RS 0.8 %) and Micromonospora (N2-R 1.9 %, N2-
RS 1 %) decreased with increasing input of water-extractable
C, indicating that cellulose was only decomposed when no
easily degradable C was available.
Culture-independent sequence techniques have revealed
that members of the phyla Actinobacteria, Chloroflexi, Fir-
micutes, Bacteroidetes, and Nitrospirae possess nirK or nirS
and can reduce nitrite to nitric oxide (Cantera and Stein,
2007; Nolan et al., 2009). In our treatments, Actinobacte-
ria, Chloroflexi, and Firmicutes were more abundant in N2
samples, whereas Bacteroidetes and Nitrospirae were more
abundant in N1 samples, which may indicate that the lat-
ter are more competitive under conditions of very low min-
eral nitrogen availability in soil. This was further validated
as Nitrospira (Nitrospirae), known to oxidize nitrite (Koch
et al., 2015), was identified as a responder for N1 and RS.
The reduction of nitrate has been shown for Mesorhizo-
bium sp. (Okada et al., 2005) and Rhizobium sp. (Daniel
et al., 1982). Although only in low abundance, we found
these species predominantly in N2 samples. Species belong-
ing to the genus Agromyces (Actinobacteria), which was af-
filiated with the core microbiomes, are also known to reduce
nitrate (Zgurskaya et al., 2008). In addition, species capa-
ble of denitrification under anaerobic, O2-limited, and aero-
bic conditions can be found in the genera Bacillus and Mi-
cromonospora, as well as Pseudomonas and Rhodococcus
(Verbaendert et al., 2011) that were affiliated with the core
microbiome but were more abundant in N2 samples. The
genus Opitutus was identified as a responder to Cn and com-
prises the bacterium Opitutus terrae that was only found in
anoxic habitats in soils (Chin et al., 2001).
Altogether, the higher relative abundances of C-cycling
and N-reducing bacteria in N2 samples and their affiliation
with the core microbiomes reflect the tendency of increased
N2O emissions with increasing N level and further supports
our hypothesis that C and N availability from plant litter were
the main drivers of N2O emissions in our study.
5 Conclusions
We examined CO2 and N2O emissions after simulated post-
harvest incorporation of maize root or root-plus-shoot lit-
ter in a laboratory incubation study. High bioavailability
of maize shoot litter strongly increased microbial respira-
tion in plant-litter-associated hot spots, leading to increased
N2O emissions when both C and NO−3 were available. Cou-
pled nitrification–denitrification and heterotrophic nitrifica-
tion presumably contributed to N2O formation. Maize root
litter was characterized by a higher share of slowly degrad-
able C compounds and lower concentrations of water-soluble
N; hence formation of anaerobic hot spots was limited and
microbial N immobilization restricted N2O emissions. Bac-
terial community structures reflected degradability of maize
litter types. Its diversity decreased with increasing C and N
availability, favoring fast-growing C-cycling and N-reducing
bacteria, namely Actinobacteria, Chloroflexi, Firmicutes, and
Proteobacteria.
Hence, litter quality is a major driver of N2O and CO2
emissions from crop residues, especially when soil mineral
N is limited.
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Figure S1: Rarefaction curve of the observed amplicon sequence variants (ASVs) of the soil inhabiting bacterial 
communities within the two different N-fertilizer treatments (N1 and N2). Samples of the same N treatment were 5 






Figure S2: Heatmap of the 16 most abundant phyla (>0.1 %) in the analyzed soil samples grouped by N levels and litter 





Figure S3: Heatmap of the 25 most abundant bacterial genera in the analyzed soil samples grouped by N levels and litter 
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Abstract: Returning crop residues to agricultural fields can accelerate nutrient turnover and increase
N2O and NO emissions. Increased microbial respiration may lead to formation of local hotspots with
anoxic or microoxic conditions promoting denitrification. To investigate the effect of litter quality
on CO2, NO, N2O, and N2 emissions, we conducted a laboratory incubation study in a controlled
atmosphere (He/O2, or pure He) with different maize litter types (Zea mays L., young leaves and roots,
straw). We applied the N2O isotopocule mapping approach to distinguish between N2O emitting
processes and partitioned the CO2 efflux into litter- and soil organic matter (SOM)-derived CO2 based
on the natural 13C isotope abundances. Maize litter increased total and SOM derived CO2 emissions
leading to a positive priming effect. Although C turnover was high, NO and N2O fluxes were low
under oxic conditions as high O2 diffusivity limited denitrification. In the first week, nitrification
contributed to NO emissions, which increased with increasing net N mineralization. Isotopocule
mapping indicated that bacterial processes dominated N2O formation in litter-amended soil in the
beginning of the incubation experiment with a subsequent shift towards fungal denitrification. With
onset of anoxic incubation conditions after 47 days, N fluxes strongly increased, and heterotrophic
bacterial denitrification became the main source of N2O. The N2O/(N2O+N2) ratio decreased with
increasing litter C:N ratio and Corg:NO3− ratio in soil, confirming that the ratio of available C:N is a
major control of denitrification product stoichiometry.
Keywords: fungal denitrification; nitrification; isotopocules; priming effect; nitric oxide; nitrous
oxide; dinitrogen; greenhouse gas; decomposition
1. Introduction
Returning of crop residues is a common agricultural management strategy to prevent
nutrient losses and to increase soil fertility. However, acceleration of N and C cycling
processes often lead to increased losses of climate-relevant gases.
Addition of plant litter to soils has been proven to increase CO2 and N2O emissions
over a vast range of soil conditions and litter types [1–4]. Upon degradation, plant litter
provides nutrients for decomposing and denitrifying microorganisms. Thus, variations
in N2O emissions have often been related to litter quality, especially the C:N ratio [1,2].
For litter with C:N < 25:1, mineralization increases soil NO3− content leading to increased
denitrification [5,6], while for C:N > 25:1, N is immobilized by soil microorganisms to
decompose litter C compounds [7] and restricts N2O emissions [8]. When litter quality
Appl. Sci. 2021, 11, 5309. https://doi.org/10.3390/app11115309 https://www.mdpi.com/journal/applsci
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was analyzed in more detail, easily degradable fractions explained a large share of the
variability of N2O emissions [9,10], while the lignin content was not relevant [11,12]. Recent
studies confirm that the quality of C compounds (especially water-soluble C) from litter is
a main driver of denitrification after litter addition [13,14].
Easily degradable C compounds (e.g., sugars, proteins, amino acids, and carbohy-
drates) control litter decomposition dynamics in the initial phase and subsequent CO2 efflux
from soils [4,15,16]. Furthermore, the quality of organic substrates affects decomposition of
soil organic matter (SOM) [17]. Readily accessible high-quality substrates increase SOM
decomposition, leading to a positive priming effect in soils [18,19]. When litter and SOM
turnover are increased after litter addition, microbial O2 demand increases with increasing
microbial respiration. This may lead to formation of local hotspots with anoxic or microoxic
conditions providing favorable conditions for denitrifying soil microorganisms [20]. Ac-
cordingly, a recent study reported the highest denitrification-derived N2O losses in soils
with high SOM priming after addition of labile C substrates (glucose, vanillin) [21]. How-
ever, further studies with plant residues are necessary to better understand the interactions
between C turnover and denitrification.
The aim of this study was to investigate the effect of litter C quality and SOM turnover
on denitrification. We anticipate that increased SOM turnover after litter addition promotes
the formation of anoxic hotspots for denitrification and expect higher litter and SOM
turnover from litter with high degradability. Thus, we hypothesize that (i) N2O fluxes from
denitrification increase when C turnover from litter and SOM is high, leading to (ii) higher
N2O+N2 losses when litter with a high share of easily degradable C is added, while (iii)
the N2O/(N2O+N2) ratio is controlled by the availability of Corg in relation to NO3−.
Therefore, we setup a laboratory incubation experiment in an artificial N2-free at-
mosphere under fully controlled conditions. We compared different types of maize litter
(fresh leaves and roots, straw) and investigated the effect of litter quality on total CO2,
NO, N2O, and N2 emissions. To trace maize litter (C4 plant) and SOM turnover, we used
a grassland soil whose organic C originates solely from C3 vegetation and partitioned
the CO2 efflux into its sources (i.e., litter- and SOM-derived CO2) based on the natural
13C isotope abundances. In addition, we analyzed the intramolecular distribution of the
naturally occurring 15N and 18O isotopes in the linear N2O molecule and applied the
N2O isotopocule mapping approach to estimate the contribution of denitrification to N2O
formation [22,23].
2. Materials and Methods
2.1. Preparation of Soil and Plant Material
The soil for the experiment was taken from a long-term field experiment at the grass-
land research station of the University of Gießen (latitude N50◦32′, longitude E8◦41.3′,
elevation 172 m a.s.l.), sieved to 10 mm, air-dried, and stored at 4 ◦C. The soil was classified
as Fluvic Gleysol of clay loam texture (32% clay, 41% silt, and 27% sand) with a pH (CaCl2)
of 5.67. Total soil N content was 0.42%, total soil C content was 4.2%, and δ 13C was
−28.37‰. Prior to the incubation experiment, the soil was pre-incubated in the dark for
5 weeks at 50% water holding capacity (WHC) and 20 ◦C.
Maize plants (Zea mays L. cv. Ronaldinio) were grown in nutrient solution [24] for
5 weeks. Leaves were cut from stems and left to wilt at room temperature for 4 h. Roots
were rinsed with H2Odest and carefully dried with paper towels. Leaves and roots were
stored at 4 ◦C and 90% relative humidity until experimental setup. Maize straw was
collected from an experimental field site of the University of Göttingen after grain harvest
in October 2018. Maize straw was shock frozen in liquid N2 and stored at −20 ◦C. Prior
to setting up the experiment, maize straw was unfrozen and all maize litter was cut to a
size of 2 cm. A subsample of soil and maize litter was analyzed for total N, total C, and δ
13C using an elemental analyzer (NA1110, CE-Instruments, Rodano, Milano, Italy) linked
to a gas-isotope ratio mass spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany)
via a Conflo III Interface (Finnigan MAT, Bremen, Germany). Further, plant litter was
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analyzed for water-extractable C and N content. Briefly, 0.2 g of finely ground plant litter
were extracted in 100 mL H2Obidest, shaken for 1 h, filtered with 0.45 µm polyether sulfone
filters (Labsolute, Renningen, Germany), and stored at −20 ◦C. The extracts were analyzed
for organic C and total N content using a multi N/C® Analyzer (Analytik Jena, Jena,
Germany). Another subsample of finely ground plant litter was analyzed by 13C solid-
state cross polarization magic angle spinning nuclear magnetic resonance spectroscopy
(13C-CPMAS NMR) using a Bruker AvanceIII 200 spectrometer (Bruker BioSpin GmbH,
Karlsruhe, Germany). Samples were weighed into zircon oxide rotors and spun around
a magic angle at a speed of 6.8 kHz. Contact time was 1 ms and the recycle delay time
was set to 2 s, line broadening was set at 0. Peak integration areas were separated into
−10–45 ppm (alkyl C), 45–110 ppm (O/N-alkyl C), 110–160 ppm (aryl C), and 160–220 ppm
(carboxylic C).
2.2. Automatized Laboratory Incubation Experiment and Gas Analysis
The incubation experiment was carried out under fully controlled conditions using an
automated soil incubation system with artificial atmosphere similar to systems described
earlier [25–28]. For the incubation experiment, soil moisture was adjusted to 70% water-
filled pore space (WFPS, equivalent to 67.7% WHC or 31.9% gravimetric water content) and
50 mg N kg−1 was added by spraying a KNO3 solution onto the soil and thoroughly stirring
it with a spoon. For treatments with litter, litter was homogenously mixed with soil (Maize
leaves: 40.5 g FM kg−1, maize roots: 42 g FM kg−1, maize straw: 12.8 g FM kg−1). The soil
for each pot was prepared separately to ensure the same amount of litter was added. Then,
the equivalent of 2.5 kg dry soil was filled into acrylic glass pots (inner diameter 172 mm,
height 210 mm) with a porous ceramic plate at the bottom and compacted in a stepwise
mode by filling a 2 cm-layer of soil in pots and compacting it with a plunger. To ensure
continuity between soil layers, the surface of the compacted layer was gently scratched
before adding the next soil layer. Soil height in the pots was 10 cm, and bulk density was
1.1 g cm−3. Each litter treatment was replicated five times, a control treatment without
litter was replicated four times, and one empty pot was included as reference to determine
background gas concentrations.
Pots were tightly closed with transparent acrylic glass lids with rubber seals, and
the outside of the pots was covered with dark plastic sheets to prevent algae growth.
Pots were alternately evacuated using a rotary vacuum pump (Pfeiffer Vacuum GmbH,
Asslar, Germany) and flushed with a gas mixture (80% He, 20% O2) for 24 h. The gas
mixture was prepared by using stainless steel capillaries of different length and inner
diameter. For the first cycles, pots were evacuated from the top and the bottom and,
subsequently, flushed with the He/O2 gas mixture. Then, pots were evacuated from the
bottom and simultaneously flushed from the top to replace the atmosphere inside the soil
column. For measurements, the outlet of all pots was connected to flow-through multi-
position valves (16 ports, Vici Valco Instruments, Houston, TX, USA) with multi-position
actuator control modules (Vici Valco Instruments, Houston, TX, USA), and controlled
by Trilution Software (Gilson Inc., Middleton, WI, USA) via an interface module (506C
System Interface, Gilson Inc., Middleton, WI, USA). The selected stream outlet tube of the
multi-position valve was connected to a gas chromatograph (GC-450, Bruker, Billerica,
USA) equipped with a thermal conductivity detector (TCD) for measurement of CO2 and a
pulsed discharge detector (PDD, Vici AG International, Schenkon, Switzerland) for N2O
and N2. The sample gas outlet of the GC was connected to a flow-through massflowmeter
(Alicat Scientific, Tucson, AZ, USA), and a trace-level gas analyzer (CLD 88Yp, Eco Physics
AG, Dürnten, Switzerland) equipped with a chemoluminescence detector (CLD) to analyze
NO concentrations. To add up to the required 300-mL-flow of the NO analyzer, samples
were diluted with synthetic air. Processing of GC data was done using CompassCDS
software (SCION Instruments, Livingston, UK). Data from the NO analyzer and flowmeter
were read out every 10 s via a serial port.
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The analytical precision of the GC was determined by repeated measurements of
standard gases (CO2, N2O, N2) and was consistently < 2%. Detection limits were 0.08 µg
N2O-N kg−1 h−1 and 5.5 µg N2-N kg−1 h−1. The non-selected outlet streams of the multi-
position valves were used to sample headspace gas for analysis of isotopic compositions (δ
13C of CO2, isotopocules of N2O). After 47 days, the pots were flushed with pure helium to
establish anoxic conditions to determine potential denitrification. After 8 days of anoxic
incubation (55 days in total), the pots were opened for final sampling.
2.3. 13CO2 Sampling, Analysis, and Calculations
For determination of δ13C of soil-emitted CO2, samples were flushed into 12 mL
Exetainer® septum-capped vials (Labco, High Wycombe, UK). Samples were taken twice a
day for the first 5 days, daily for the next 12 days, every second day for the next 14 days,
and every 3 days until day 43. Samples were introduced by a Combi-Pal autosampler
(CTC-Analytics, Zwingen, Switzerland) to a GC (GC-Box, Thermo Fisher Scientific, Bremen,
Germany) coupled to an isotope ratio mass spectrometer (Delta plus XP, Thermo Fisher
Scientific, Bremen, Germany) via a Conflo III Interface (Thermo Fisher Scientific, Bremen,
Germany). The fractions of CO2 derived from litter (flitter) and SOM (fSOM) were calculated
using Equations (1) and (2):
flitter = (δ
13Ctreatment − δ13CControl)/(δ13Clitter − δ13CControl) (1)
flitter + fSOM = 1 (2)
where δ13Ctreatment is the measured δ13C (‰) of CO2 from litter treatment, δ13CControl is
the measured δ13C (‰) of CO2 from control treatment without litter addition, and δ13Clitter
is the mean measured δ13C (‰) of CO2 lost from maize litter (Leaf: −7.91 δ‰, Root:
−7.50 δ‰, Straw: −9.33 δ‰, see supplement for details, Figure S2). For each treatment,
the priming effect (PE) was calculated as the difference between SOM-derived CO2-C
(CSOM) and CO2-C from control treatment without litter (CControl) (3):
PE = CSOM − CControl (3)
2.4. 15N2O Sampling, Analysis, and Isotopocule Mapping Approach
On 2, 5, 8, 15, 23, 31, 39, 48, 51, and 54 days after onset of incubation (DAO), samples
for analyses of N2O isotopomers were flushed into 100 mL crimp-top vials with butyl
rubber septa. Samples were analyzed on a gas-isotope ratio mass spectrometer (Delta
plus XP, Finnigan MAT, Bremen, Germany) coupled to a trace gas pre-concentration unit
Precon (Thermo Electron Cooperation, Bremen, Germany) via a GC/GP Interface (Thermo
Electron Cooperation, Bremen, Germany). In this setup, m/z 44, 45, and 46 of the intact
N2O+ molecular ions and m/z 30 and 31 of the NO+ fragment ions are measured simul-
taneously [29], and δ15NbulkN2O, δ15NαN2O, and δ18ON2O values were determined [30].
δ15NβN2O values were calculated based on the following Equation (4):
δ15NbulkN2O = (δ15NαN2O + δ15NβN2O)/2 (4)
Site preference (δ15NSPN2O) was calculated as the difference between δ15NαN2O and
δ15NβN2O. We used the scrambling factor of 0.096 determined by Buchen et al. (2018) [31]
to correct measured data [32]. δ18O of soil water was −6.7 δ‰.
We applied the isotopocule mapping approach by Lewicka-Szczebak et al. (2017) [22]
to calculate the fraction of residual unreduced N2O (rN2O) and the N2O fraction from het-
erotrophic bacterial denitrification (fbD) based on the sample position in the δ15NSP/δ18O
map using a mixing equation for the bacterial fraction (6) and the Rayleigh equation for
N2O reduction (5):
rN2O = e((δr − δ0)/ηred) (5)
δ0_sample = δbD ∗ fbD + δfD/Ni ∗ (1 − fbD) (6)
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where δr is the isotopic signature of residual N2O after partial reduction, δ0 is the isotopic
signature of initial N2O before reduction, and ηred is the isotopic fractionation factor asso-
ciated with N2O reduction to N2. Two main scenarios were considered: (1) N2O emitted
from bacterial denitrification is first reduced to N2 and residual N2O is then mixed with
N2O originating from nitrification or fungal denitrification (Scenario 1, reduction-mixing).
Alternatively, (2) N2O from bacterial denitrification and nitrification or fungal denitri-
fication is first mixed and then partially reduced to N2 (Scenario 2, mixing-reduction).
Recently, non-overlapping signatures for N2O produced by nitrification or fungal deni-
trification were proposed [23], and we calculated both scenarios for mixing of bacterial
denitrification with either nitrification or fungal denitrification. A detailed description of
the calculations can be found in [33]. We used the isotopic fractionation factors proposed
by [23] (Supplementary Table S1), which were corrected for δ18O of soil water (−6.7 δ‰)
for mapping and calculations.
In addition, calculations can be based on minimum or maximum end-member values,
fractionation factors, and reduction factors, leading to a total of 14 different scenarios [31].
In our study, we used mean values for mixing, fractionation, and reduction whenever
possible. However, as during anoxic incubation, samples were distributed outside the
mean mixing-reduction area, we used minimum reduction values (mean mixing, mean
fractionation) for 51 and 54 DAO. When calculations yielded values < 0 or > 1 for fbD or
rN2O, these values were removed from the dataset before calculating means and plotting.
2.5. Soil Analyses
Samples of pre-incubated soil were taken prior to experimental setup. After opening
pots at the end of the experiment, soil from each pot was homogenized and a sample was
taken for analyses. Subsamples were analyzed for soil mineral N, water-extractable organic
C (WEOC), and soil water content. For analysis of mineral N (NO3− and NH4+), 50 g fresh
soil were weighed into plastic bottles and frozen at −20 ◦C until analysis. Frozen samples
were extracted with 2 M KCl solution (1:5 w:v) and shaken on an overhead shaker for
60 min. Samples were filtered with 615 14 filter paper (Macherey–Nagel GmbH & Co. KG,
Düren, Germany) and extracts were analyzed colorimetrically using the San++Continuous-
Flow Analyzer (Skalar Analytical B.V., Breda, The Netherlands). To determine isotopic
signatures of nitrate, the bacterial denitrification method with Pseudomonas aureofaciens was
applied [34,35].
WEOC was extracted by homogenizing 2 g of fresh soil with 10 mL H2Obidest. Samples
were centrifuged, filtered with 0.45 µm polyether sulfone filters (Labsolute, Renningen,
Germany), and stored at −20 ◦C. The extracts were analyzed for organic C and total N
content using a multi N/C® Analyzer (Analytik Jena, Jena, Germany). Soil water content
was determined by oven drying at 105 ◦C.
2.6. Calculations and Statistics
For all calculations and statistical analyses, the statistical software R version 3.6.0 [36]
was used. Fluxes of CO2, N2O, N2, and NO (F, µg kg−1 h−1) were calculated using the
dynamic chamber approach (7):
F = (Co − Ci) ∗ Q/m (7)
where Co is the concentration at the outflow and Ci is the concentration at the inflow of
each vessel (mg N m−3, or mg C m−3), Q is the flow rate through the headspace (m3 h−1),
and m is the dry mass of soil per vessel (kg).
Net N mineralization was calculated according to Equation (8):
Net N mineralization = NO3−end + NH4
+
end + NOcml + N2Ocml + N2cml − (NO3−start + NH4+start + NO3−fertilizer) (8)
Mean values and standard deviations were calculated using the SlidingWindow func-
tion from the package evobiR v.1.1 [37] or the rollapply function from the package zoo [38].
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Cumulative emissions were calculated by interpolation between measured fluxes. To test
for differences between treatments, a one-way ANOVA was calculated when data were
normally distributed or the Kruskal–Wallis rank sum test for non-normally distributed
data followed by the LSD post hoc test. A t-test at p < 0.05 was used to compare soil NO3−,
NH4+, and WEOC content before and after the incubation. To analyze the effect of litter
input and litter quality on CO2 and N emissions, simple linear regression models were
tested. In all plots, color schemes from the R package viridisLite v0.3.0 [39] were used.
3. Results
3.1. Characterization of Maize Litter
Maize litter types differed in their chemical composition (Table 1). Total C content
ranged between 40% in maize roots and 47% in maize leaves. Total N content ranged
between 3.8% in maize leaves and 0.85% in maize straw. C:N ratio was highest in maize
straw (51.4) and similar in maize leaves and roots (12.3 and 13.8, respectively). Water-
soluble C contents were similar in all maize litter types (8–8.5%). Water-soluble N content
was highest in maize roots (1.22%) and lowest in maize straw (0.39%). Thus, water-soluble
C:N was highest in maize straw and lowest in maize roots. 13C-CPMAS NMR spectroscopy
of maize litter revealed that maize straw and maize leaves were closer in their chemical
composition than maize roots (Table 1, spectra in Supplementary Figure S1). Maize roots
were characterized by the lowest shares of alkyl C and carboxyl C and the highest share of
O/N-alkyl C, while maize leaves had highest shares of carboxyl C and alkyl C.
3.2. Soil N and C Content
Soil NO3− content increased in Control, Leaf, and Root treatments during the incuba-
tion experiment due to a net mineralization of N (Table 2). In contrast, addition of maize
straw significantly decreased soil NO3− content and immobilized N. Soil NH4+ content
strongly decreased in all treatments during the incubation period and was significantly
higher in all maize litter treatments than in Control, but differences between treatments
were small. WEOC content increased in all maize litter treatments, but did not change
in Control. No differences were found in soil WEOC content between different litter
treatments at the end of the experiment.
δ15NNO3 and δ18ONO3 of added KNO3 were higher compared to initial soil NO3−
at onset of incubation (Table 2). At the end of the incubation experiment, δ15NNO3 and
δ18ONO3 of soil NO3− differed between litter treatments. The lowest δ15NNO3 was mea-
sured in Root, and the lowest δ18ONO3 in Control and Leaf. The highest δ15NNO3 and
δ18ONO3 were measured in Straw. δ15NNO3 increased with decreasing net N mineralization
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Table 3. Coefficients of determination and p-values for simple linear regressions.
Adjusted R2 p-Value n
Oxic incubation period
Cumulative NO+N2O emissions ~ water-soluble litter C input 0.4401 0.001172 19
Cumulative N2O emissions ~ litter C:N ratio 0.247 0.03428 15
Cumulative NO emissions ~ water-soluble litter C:N ratio 0.8703 2.427 × 10−7 15
Cumulative NO emission ~ net N mineralization 0.5671 0.0001197 19
NO+N2O flux ~ CO2 flux 0.08023 <2.2 × 10−16 1715
Anoxic incubation period
Cumulative N2 emissions ~ water-soluble litter C:N ratio 0.2553 0.03158 15
Cumulative NO+N2O+N2 emissions ~ total litter C input 0.5087 0.0003655 19
N2O/(N2O+N2) ratio ~ water-soluble litter C:N ratio 0.5061 1.886 × 10−6 19
N2O/(N2O+N2) ratio ~ WEOC: NO3− ratio 0.4127 0.0018 19
NO+N2O+N2 flux ~ CO2 flux 0.864 <2.2 × 10−16 176
Total incubation period
Cumulative CO2 emissions ~ total litter C input 0.8974 4.84 × 10−10 19
Cumulative CO2 emissions ~ water-soluble litter C input 0.798 1.606 × 10−7 19
Litter-derived CO2 flux ~ SOM-derived CO2 flux 0.8838 <2.2 × 10−16 495
δ15NNO3 of soil NO3− ~ net N mineralization (52 DAO) 0.729 <2.024 × 10−6 19
3.3. CO2 and 13CO2 Fluxes and Cumulative Emissions
CO2 fluxes from all litter treatments increased after onset of incubation compared to
Control (Figure 1a,b, Supplementary Figure S3). Total CO2 fluxes were highest in Leaf reach-
ing 5.1 mg C kg−1 h−1 on 2 DAO. In Root, CO2 flux peaked on 2 DAO (2.57 mg C kg−1 h−1)
and then decreased throughout the incubation period. In Straw, the highest CO2 fluxes
were measured directly after onset of incubation (2.8 mg C kg−1 h−1), and continuously
decreased afterwards. Litter-derived and SOM-derived CO2 followed a similar pattern as
total CO2 fluxes and were highly correlated (adj. R2 = 0.88, p < 0.001, Table 3). Highest
litter-derived CO2 fluxes were measured in Leaf on 3 DAO (3.0 mg C kg−1 h−1), in Straw
on 1 DAO (1.2 mg C kg−1 h−1), and in Root on 2 DAO (1.7 mg C kg−1 h−1) (Figure 1a).
SOM-derived CO2 was highest in Leaf and higher in all litter treatments compared to
Control for the first week after onset of incubation (Figure 1b). Accordingly, the cumula-
tive priming effect increased most strongly in all litter treatments during the first days of
incubation (Figure 1c) with highest values in Leaf.
Cumulative CO2 emissions from all litter treatments were significantly higher than
from Control without litter (p < 0.05, Table 4). The highest cumulative and litter-derived
CO2 emissions were measured after addition of maize leaves, followed by maize straw
and maize roots; however, cumulative SOM-derived CO2 emissions were higher than litter-
derived CO2 emissions in all treatments (Table 4). Total cumulative CO2 emissions were
significantly positively correlated with total C and water-soluble C input from maize litter
(adj. R2 = 0.80 and adj. R2 = 0.90, respectively, p < 0.001, Table 3). When total cumulative
CO2 emissions were standardized against C input from litter, no differences were found
(Supplementary Table S2).
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Table 4. Cumulative SOM and litter-derived CO2 emissions, and priming effect.
Total CO2
(mg C kg−1 dry soil)
SOM-Derived CO2
(mg C kg−1 dry soil)
Litter-Derived CO2
(mg C kg−1 dry soil)
Priming Effect
(mg C kg−1 dry soil)
Control 359.5 ± 13.2 d 359.5 ± 13.2 c - -
Maize Leaves 1266.0 ± 118.8 a 654.8 ± 83.5 a 597.5 ± 33.9 a 288.2 ± 76.2 a
Maize Roots 749.8 ± 68.1 c 504.9 ± 10.7 b 281.6 ± 17.6 c 130.0 ± 12.0 b
Maize Straw 970.8 ± 34.3 b 561.9 ± 26.9 b 449.7 ± 21.1 b 178.4 ± 21.5 b
Values represent means (n = 5, for Control n = 4) ± standard deviation. Different letters in the same column indicate a significant difference.
3.4. N Fluxes and Cumulative Emissions
During the oxic incubation phase, only N2O and NO fluxes were measured as N2
fluxes were below the detection limit (Figure 2a,b). N2O fluxes from litter treatments
were higher than 3.7 µg N kg−1 h−1 for the first measurements on 1 DAO and declined
to <1 µg N kg−1 h−1 until 5 DAO. N2O fluxes from litter-amended soils were in tendency
higher than N2O fluxes from Control. Initial NO fluxes were ~0.08 µg N kg−1 h−1 in
Control and Root, and ~0.06 µg N kg−1 h−1 in leaves and straw. In Leaf, a second NO
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peak was detected on 5 DAO. NO fluxes in Control were in tendency higher than in all
litter treatments until 14 DAO, while NO flux declined fastest in Straw, where fluxes were
smaller than in all other treatments after 3 DAO. The ratio of NO/N2O was highest in
Control directly after onset of incubation with maximum values of 0.47 (Supplementary
Figure S5). In Root and Leaf, it reached maximum values of 0.2 and 0.1 on 5 and 6 DAO.
In Straw, highest measured values were 0.1 on 2 DAO. With onset of the anoxic phase,
NO/N2O decreased to 0.015 in all treatments.
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During the oxic phase, cumulative N2O emissions from litter-amended soil were
higher than from Control (p < 0.05, Table 5). Cumulative emissions in Straw were higher
than in Root and similar to Leaf. Cumulative NO emissions were highest in Control and
lowest in Straw, and NO/N2O ratio was significantly higher in Control than in litter-
amended treatments. NO emissions strongly decreased with decreasing litter C:N ratio
(adj. R2 = 0.86, p < 0.001) and increased with increasing N mineralization (adj. R2 = 0.57,
p < 0.001) confir ing that litter quality affected nitrification-derived NO emissions during
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After 47 days, anoxic incubation conditions were induced by flushing the headspace
with pure helium gas. N2O, NO, and N2 fluxes strongly increased with onset of anoxic
incubation conditions (Figure 2c–e). N2O and NO fluxes peaked on 48 DAO and then
decreased until the end of the experiment. N2 fluxes increased after onset of anoxic
conditions until the end of the experiment. During the anoxic phase, cumulative N2O,
NO, and N2 emissions were higher in litter treatments than in Control, although the effect
was not always statistically significant for maize roots (Table 5). The highest cumulative
emissions were measured for NO (0.64 mg N kg−1) and N2O in Leaf (29.8 mg N kg−1), and
for N2 in Straw (8.4 mg N kg−1). The ratio of the gaseous end products N2O/(N2O+N2)
was highest in Control (0.95) and lowest in Straw (0.75).
3.5. N2O Isotopocule Mapping Approach, fbD and rN2O Values
The δ15NSP/δ18ON2O isotopocule map showed a strong influence of the incubation day
on the isotopic signature of soil-emitted N2O (Figure 3). Most data points were distributed
between the mixing line of bacterial and fungal denitrification and the N2O reduction
line during the oxic incubation phase (0–47 DAO). With onset of anoxic incubation con-
ditions, bacterial denitrification became the dominant process as samples measured on
48 DAO cluster tightly above the reported ranges for heterotrophic bacterial denitrification.
With ongoing anoxic incubation, the samples cluster along the reduction line indicating
increasing N2O reduction with ongoing anoxic incubation conditions (51 and 54 DAO).
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Figure 3. Isotopocule values of soil-emitted N2O per day plotted in the isotopocule map based on
Lewicka-Szczebak et al. (2017) [22] and Yu et al. (2020) [23]. Boxes indicate the mean ranges for
end-member values of δ15NSPN2O and δ18ON2O (corrected for δ18OH2O) for heterotrophic bacterial
denitrification (bD), nitrifier denitrification (nD), nitrification (ni), and fungal denitrification (fD)
(view Table S1 for details). The mixing line connects the mean values of bD and fD (mix_bD-fD) or
bD and ni (mix_bD-ni), respectively. The slope of the reduction lines (red) is based on the isotopic
fractionation factor associated with N2O reduction to N2. Dashed line represents the minimum
reduction line (n = 178, oxic incubation conditions from 0 DAO to 46 DAO, anoxic incubation
conditions from 47 DAO to 55 DAO).
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δ15Nbulk and δ18ON2O of soil-emitted N2O followed a similar pattern. Both values
increased slightly during anoxic incubation (Figures 4 and S6). With onset of anoxic
conditions, both δ15Nbulk and δ18ON2O decreased strongly and increased again until the
end of the experiment.
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Figure 4. δ15Nbulk of N2O (colored symbols and lines), added KNO3 and soil NO3− at first day of incubation (black
symbols) and soil NO3− at last day of incubation (colored symbols with black borders) (means for n = 5, n = 4 for Control).
fbD and rN2O values exhibited similar patterns for mixing between heterotrophic
bacterial denitrification/nitrifier denitrification and nitrification or fungal denitrification
(Figure 5a,b, S le e tary i r S6). After onset of incubation, the fraction f s il-
emitted N2O from het rotrophic bacterial denitrification/ it ifi denitrification (fbD,
Figure 5a) was in tendency higher in maize li ter treatments compared to Control. While
fbD decreased in maize litter treatments during the oxic incubation period, it increased in
Control without litter a dition. With onset of anoxic incubation conditions, fbD increased
strongly in all treatments, reaching values > 0.9, indicating that bacterial denitrification
became the proces under anoxic incubation conditions. The residual, nreduced
N2O fraction (rN2O, Figure 5b) was mostly < 0.5 and decrease during the oxic incubation
phase, highlighting t e significance of N2O reduction. On 51 DAO, rN2O was highest and
decreased until 54 DAO.
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Figure 5. (a) Fraction of N2O originating from heterotrophic bacterial denitrification/nitrifier denitrification (fbD) and
(b) fraction of residual unreduced N2O (rN2O). Values were calculated based on the isotopocule mapping approach by
Lewicka-Szczebak et al. (2017) [22] and represent results for scenario 1 (reduction-mixing) of bacterial denitrification with
fungal denitrification (mean and standard deviation for n = 5, n = 4 for Control, data points missing for samples with an
isotopic signature outside the reduction-mixing area, no N2O emitted from Control on 39 DAO).
3.6. Interactions between C and N Availability and N Fluxes
To test the effect of C availability and SOM turnover on N fluxes and cumulative
emissions, simple linear regression models were tested (Table 3).
The relationship between hourly NO+N2O and CO2 fluxes was very weak during the
oxic incubation phase (adj. R2 = 0.08, p < 0.001, Table 3). In contrast, NO+N2O+N2 fluxes
were highly positively correlated with CO2 fluxes during the anoxic incubation period (adj.
R2 = 0.86, p < 0.001, Table 3). Similarly, fbD and rN2O were positively correlated with total
CO2 flux from soil, but the relationship was weak (adj. R2 = 0.23 and 0.31, respectively,
p < 0.001, Table 3).
Cumulative anoxic N emissions (NO+N2O+N2) were significantly positively corre-
lated with total litter C input (adj. R2 = 0.51, p < 0.001, Table 3). Furthermore, we found
a significant negative correlation between the ratio of cumulative N2O/(N2O+N2) emis-
sions during anoxic incubation and the ratio of water-soluble C:N of maize litter types (adj.
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R2 = 0.51, p < 0.001, Table 3) and also with the soil NO3−:WEOC ratio at the end of the exper-
iment (adj. R2 = 0.41, p < 0.01, Table 3). When standardized against C input from litter, total
cumulative N emissions did not differ between litter treatments (Supplementary Table S2).
4. Discussion
4.1. Maize Litter Quality Controls N Mineralization
Soil mineral N content, mineralization, and immobilization strongly depended on
maize litter quality. In Control without litter addition, soil NH4+ content decreased, but
soil NO3− content strongly increased due to mineralization and nitrification of soil organic
N. Tillage often leads to increased soil mineral N content [40,41], and net N mineralization
from control soils without litter addition has been reported [8,13,42]. In Leaf and Root, min-
eralization was higher than in Control as additional organic N from litter was mineralized.
In contrast, addition of maize straw immobilized N, which coincides with the higher C:N
ratio in Straw compared to Leaf and Root. In general, immobilization of N follows the
addition of litter with C:N ratios > 25:1 [7]. Net N mineralization after addition of maize
roots is in contrast to most other studies reporting net N immobilization after addition of
maize roots [8,13,42,43]. However, we used maize roots grown in a nutrient solution, which
had higher total and water-soluble N content than those reported in other studies [13,44].
4.2. Effect of Maize Litter Quality on CO2 Emissions and Priming Effect
After onset of incubation, both litter and SOM-derived CO2 fluxes strongly increased
in litter treatments, while CO2 efflux in Control was stable. Total cumulative CO2 emissions
increased with increasing input of total and water-soluble C, indicating that decomposition
dynamics were controlled by the amount and quality of added plant material. The chemical
composition of plant litter is known to be a primary controller of decomposition rates of
both roots [11,12,15] and aboveground plant litter [4,10].
Especially during the first week after litter addition, SOM turnover was increased
in all litter treatments, leading to a positive priming effect. The highest increase in SOM
turnover was observed after addition of maize leaves which were characterized by high
amounts of easily degradable compounds as indicated by high shares of carboxyl C (i.e.,
organic acids, amino acids) and alkyl C (i.e., fatty acids, amino acids, paraffines) [45].
Litter and SOM-derived CO2 fluxes followed the same pattern and were highly positively
correlated confirming that litter and SOM turnover are interrelated. Thus, our results are
in accordance with the concept that litter with high degradability increases SOM turnover
leading to a positive priming effect [17–19].
4.3. Effect of Litter Quality and N Mineralization on N Emissions and Production Pathways under
Oxic Atmosphere
Directly after onset of oxic incubation, NO fluxes were highest in Control and Root
while N2O fluxes were higher in litter amended treatments than in Control. The ratio
of NO/N2O can be used as an indicator whether NO is produced from nitrification or
denitrification [46,47]. While the NO/N2O emission ratio of bacterial denitrification is
mostly around 0.01, the emission ratios of NO/N2O from nitrification are often higher
than 1 [47]. In our study, the emission ratio of NO/N2O was highest during the first
10 days after onset of incubation, with maximum values of 0.47 in Control indicating a
high contribution of nitrification to NO formation. Analysis of soil samples taken prior to
the onset of incubation revealed high NH4+ content of soil, which further supports that
nitrification contributed to NO emissions during the initial incubation phase. In Straw,
where N was immobilized to decompose C compounds, NO fluxes decreased faster and
were lower than in all other treatments. Furthermore, oxic cumulative NO emissions
strongly decreased with increasing litter C:N ratio (adj. R2 = 0.86, p < 0.001) and increased
with increasing N mineralization (adj. R2 = 0.57, p < 0.001) confirming that litter quality
affected nitrification-derived NO emissions in the beginning of the oxic incubation phase.
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Addition of maize litter increased N2O fluxes compared to non-amended Control. As
first, the headspace atmosphere had to be replaced by the mixture of He/O2, measurements
started approximately one day after onset of incubation conditions. At this time, decreas-
ing N2O fluxes indicated that N2O fluxes had peaked within 24 h after water and NO3−
addition. After this initial increase, N2O fluxes decreased rapidly and then stayed on a
similar level throughout the oxic phase. Immediately after onset of the incubation, bacterial
denitrification (i.e., heterotrophic bacterial denitrification and nitrifier denitrification) was
the dominant N2O emitting process in litter-amended treatments as indicated by the frac-
tion of bacterial denitrification (fbD) > 0.6. Gradually decreasing fbD values then indicate a
shift towards nitrification or fungal denitrification. Litter addition [27,48] and soil moisture
of 70% WFPS may have promoted fungi, which often contribute to denitrification under
weakly anoxic conditions [49,50]. Several studies have described a shift from bacterial
to fungal dominance with ongoing incubations [27,51–53]. However, nitrification may
have contributed to N2O formation in Root and Leaf as indicated by high mineralization
and NO/N2O ratio. In Control, nitrification presumably contributed to N2O formation,
especially during the first days of the experiment, when fbD was < 0.3 and the NO/N2O
ratio was high.
rN2O values were mostly < 0.5, highlighting the significance of N2O reduction, also
during the oxic incubation period. Thus, although N2 fluxes were lower than the detection
limit of our incubation system (5.5 µg N2-N kg−1 h−1), they significantly contributed
to gaseous N losses. N2O reduction to N2 is the last step of denitrification [54] and it
usually takes place when availability of NOx is limited [55]. Furthermore, pore size and
distribution, and soil moisture may affect N2O reduction to N2, as they control diffusion
of O2 and N2O in soil [20,56]. Accordingly, for interpretation of the isotopocule mapping
approach in our experiment, we think that the reduction-mixing scenario is more plausible:
N2O was produced by denitrifying bacteria and partly reduced to N2 in anoxic microsites,
and then N2O diffusing out of these hotspots was mixed with N2O from nitrification and
fungal denitrification [57]. We anticipate that nitrification contributed to N2O formation
when mineralization was high, while fungal denitrification became more important in
litter-amended treatments with ongoing incubation.
4.4. Effect of Maize Litter Quality and Mineralization on Potential Denitrification
With onset of anoxic incubation conditions on 47 DAO, total NO and N2O fluxes
increased rapidly, while N2 fluxes increased more slowly. δ18ON2O of N2O emitted on
48 DAO falls in the range of heterotrophic bacterial denitrification reported in earlier stud-
ies [23], indicating that heterotrophic bacterial denitrification was the main N2O-emitting
process with low reduction to N2. Interestingly, the δ15Nbulk values on 48 DAO strongly
deviated from measured δ15Nbulk values on all other sampling days and were slightly
outside the reported endmember values of heterotrophic bacterial denitrification. Un-
der oxic conditions, denitrification mostly took place in anoxic hotspots where ongoing
reduction led to a fractionation in the NO3− pool undergoing denitrification, which is
reflected in gradually increasing δ15Nbulk values. With onset of anoxic conditions, previ-
ously unreduced NO3− contributed to N2O formation leading to a shift towards more
negative δ15Nbulk values [29,58]. When the contribution of pools with different N dynamics
changes, shifts in the isotopic signature have been reported [59–61]. For our study, low
δ15Nbulk values on 48 DAO are consistent with very high N2O fluxes and the low measured
N2O/(N2O + N2) ratio on 48 DAO leading to strong fractionation effects.
Analysis of δ15N and δ18O in soil NO3− may improve accuracy of the N2O mapping
approach and estimation of N2O formation processes [23]. δ15NNO3 was higher at the
end of the experiment compared to initial soil NO3− and added KNO3, confirming the
ongoing fractionation during the reduction of the soil NO3− pool. Furthermore, δ15NNO3
increased with decreasing mineralization, indicating a higher share of added KNO3 to
residual NO3− at the end of the incubation experiment. Higher δ18O in Straw and Root
may point towards a higher contribution of fungal denitrification, which is consistent with
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the higher contribution of fungi to decomposition of plant materials rich in celluloses and
lignin [16,27]. Overall, it needs to be taken into account, that estimating N2O formation
processes based on N2O isotopomers is subject to large uncertainties. Endmember values,
reduction and fractionation factors have been obtained under differing incubation and
environmental conditions, and may thus lead to over or underestimation of contributing
processes [57,61,62].
4.5. Interaction between C Turnover and Denitrification
In agricultural soils, denitrification is often controlled by the availability of read-
ily decomposable organic matter with increasing C availability leading to increased N
losses [6,13,14,63,64]. In contrast, we measured low denitrification derived N fluxes under
oxic conditions, and the correlation between oxic N and CO2 fluxes was very weak indi-
cating that denitrification was not directly affected by litter decomposition in our study.
Although soil NO3− content was high and high litter and SOM turnover confirmed high
Corg availability, N2O fluxes were very low, indicating that conditions for denitrifying mi-
croorganisms were not optimal. Rohe et al. (2021) [65] reported very low N2O + N2 fluxes
from an incubation study with the same soil at 60% WFPS and higher fluxes compared to
our study for 75 and 85% WFPS. Thus, our incubation conditions with a soil moisture of
70% WFPS may have been too low to promote denitrifying soil microorganisms. With onset
of anoxic conditions, N fluxes increased immediately, confirming that high pO2 was restrict-
ing denitrification during the oxic incubation phase. In contrast to our expectations, the
microbial respiration of litter and SOM did not promote the formation of litter associated
anoxic hotspots for denitrification as high O2 diffusivity limited denitrification [65,66].
In contrast, N and CO2 fluxes were highly positively correlated (adj. R2 = 0.86,
p < 0.001) under anoxic conditions, and cumulative N emissions increased with increasing
litter C input (adj. R2 = 0.51, p < 0.001) confirming our hypothesis that higher C availability
leads to increased gaseous N losses. However, this effect was based on the role of C as
energy source for denitrifiers, as the potential O2 consumption by C decomposition was
not relevant under anoxic conditions.
The ratio of denitrification end products N2O/(N2O+N2) decreased with increas-
ing water-extractable C:N ratio of litter (adj. R2 = 0.73, p < 0.001) and increasing soil
WEOC:NO3− ratio at the end of the experiment (adj. R2 = 0.41, p < 0.01) confirming that the
ratio of available C to oxidized N is a major control of denitrification product stoichiome-
try [67]. Immobilization of N after addition of maize straw with high C:N ratio restricted N
availability leading to higher N2O reduction to N2. However, as soil NO3− content was still
very high (> 70 mg NO3−-N kg−1 in all treatments at the end of the incubation experiment),
N2O was the dominant end product, as NO3− is preferentially used as electron acceptor
and high soil NO3− content can inhibit the reduction of N2O to N2 [27,67].
5. Conclusions
We investigated the effect of different maize litter types (young leaves and roots, straw)
on CO2, NO, N2O, and N2 emissions under oxic and anoxic conditions in a laboratory
incubation study. Addition of maize litter increased litter and SOM derived CO2 emissions,
leading to a positive priming effect. SOM priming was highest after addition of maize
leaves with a high share of easily degradable C compounds during the first week after
onset of incubation. Although litter and SOM turnover were high, NO and N2O fluxes
were low under oxic conditions as high O2 diffusivity limited denitrification.
The NO/N2O ratio indicated that nitrification contributed to NO and N2O formation
during the first two weeks of incubation, especially in Control without litter addition. In
the litter-amended treatments, isotopocule mapping revealed that bacterial denitrification
dominated N2O formation in the beginning of the incubation experiment with a subsequent
shift towards fungal denitrification. With onset of anoxic incubation conditions after
47 days, N fluxes strongly increased and heterotrophic bacterial denitrification became the
dominating source of N2O. The N2O/(N2O + N2) ratio decreased with increasing litter
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C:N ratio and Corg:NO3− ratio in soil confirming that the ratio of available C:N is a major
control of denitrification product stoichiometry.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/app11115309/s1, Figure S1a–c: Solid state 13C-CPMAS NMR spectra of maize litter used in the
incubation experiment, Figure S2: δ13C of CO2 derived from maize litter, Figure S3: Total CO2 efflux
from soil during oxic and anoxic incubation, Figure S4a: δ13C of CO2 evolving from soil and b: fraction
of litter-derived CO2, Figure S5: NO/N2O ratio during oxic and anoxic incubation, Figure S6: δ18O
of N2O, added KNO3, and soil NO3− at first and last day of incubation, Figure S7a: Fraction of N2O
originating from heterotrophic bacterial denitrification/nitrifier denitrification and b+c: fraction of
residual unreduced N2O, Table S1: δ15NSPN2O, δ18ON2O/H2O, and δ15NbulkN2O endmember values
from literature used for isotopocule mapping, Table S2: Cumulative CO2, NO, N2O, and N2 emissions
and denitrification product ratio standardized against litter C input.
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Figure S1. a–c: Solid state 13C-CPMAS NMR spectra of maize litter used in the incubation experi-
ment. 
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Determination of δ13C of CO2 respired from maize litter 
To determine the δ13C of CO2 released from maize litter decomposition, dried maize litter was incubated without 
soil. Then, 20 g of washed quartz sand were filled into 100 ml glass bottles. Dried and ground maize litter was mixed 
with sand in amounts equaling 2 mg C g−1. To provide incubation conditions similar to the main experiment, 70 g of 
pre-incubated soil was homogenized with 140 ml of H2Obidest and stirred for 45 min. The soil suspension was filtered 
through paper filters and centrifuged at 5000 rpm for 30 min. The supernatant was discarded, and the pellet was resus-
pended in KNO3 solution. Two milliliters of the soil-microorganisms-KNO3 solution were added to the sand-litter-mix-
ture providing 50 µg N g−1.  
Gas samples were taken from the gas bottles 1, 5, 9, 14, 19, 26, and 33 days after mixing. Before sampling, bottles 
were flushed for 30 min with HeO2 (80:20) at a flowrate of 50ml min-1 to remove any CO2 from the bottles. Then, soil 
gases were accumulated in the bottles for 60 min and 25 ml of gas samples were filled in evacuated 12 ml Exetainer® 
septum-capped vials (Labco, High Wycombe, UK). Samples were introduced by a Combi-Pal autosampler (CTC-Ana-
lytics, Zwingen, Switzerland) to a GC (GC-Box, Thermo Fisher Scientific, Bremen, Germany) coupled to an isotope mass 
spectrometer (Delta plus XP, Thermo Fisher Scientific, Bremen, Germany) via a Conflo III Interface (Thermo Fisher 
Scientific, Bremen, Germany). 
δ13C values of CO2 derived from litter are shown in Figure S2. On the first sampling day, values were similar to the 
Control without litter (−13.75δ‰). Thus, the mean of 5 to 33 DAO was taken as the average δ13C of CO2 derived from 
maize litter (Leaf = −7.910δ‰, Root = −7.497δ‰, Straw = −9.327δ‰).  
 
Figure S2.  δ13C of CO2 derived from maize litter. 
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Figure S3. Total CO2 efflux from soil during oxic incubation from Day 0 to Day 46 and during an-
oxic incubation from Day 47 to Day 55 (means and standard deviation for n = 5, n = 4 for Control, 
when not visible, error bars are smaller than the symbols). 
  
91




Figure S4. a: δ13C of CO2 evolving from soil and b: fraction of litter-derived CO2 (means and stand-
ard deviation for n = 5, n = 4 for Control, when not visible, error bars are smaller than the sym-
bols). 
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Figure S5. NO/N2O ratio during oxic incubation from Day 0 to Day 46 and during anoxic incuba-
tion from Day 47 to Day 55 (means and standard deviation for n = 5, n =4 for Control, when not 
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Figure S6. δ18O of N2O (colored symbols and lines), added KNO3, and soil NO3- at first and last 
day of incubation. δ18O of N2O was corrected for δ18O of soil water (−6.7 δ‰) (means for n = 5, n = 
4 for Control). 
 
94




Figure S7. a: Fraction of N2O originating from heterotrophic bacterial denitrification/nitrifier deni-
trification (fbD) and b+c: fraction of residual unreduced N2O (rN2O). Values were calculated based 
on the isotopocule mapping approach by Lewicka-Szczebak et al. (2017) [1] and represent results 
for scenario 1 (b, reduction-mixing) and scenario 2 (c, mixing-reduction) of bacterial denitrification 
with nitrification (mean and standard deviation for n = 5, data points missing for samples with an 
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Plants control Corg and NO3- availability for denitrification 
The presence of plants or plant litter increased Corg availability in all studies presented 
in this thesis. Together with NO3- availability from fertilization and mineralization, it 
largely controlled N2O+N2 emissions and the N2O/(N2O+N2) product ratio.  
Growing plants contribute to C input into the soil through rhizodeposition, dying roots 
and root hairs. Accordingly, 13C recovery in soil increased with root dry mass in the first 
chapter. Plant NO3- uptake after labeling also increased with root dry mass. In 
treatments that had received N fertilizer before labeling, mineralization further 
increased N availability. However, low soil mineral N content at the end of the 
experiment indicated that most mineralized N was also taken up by plants. In these 
treatments with rapid NO3- uptake, N2O+N2 fluxes remained low during the whole 
experiment, while reduced NO3- uptake resulted in substantial N2O+N2 emissions from 
denitrification. Although C exudation was higher in plants with larger root dry mass, it 
did not increase N2O+N2 emissions as NO3- was limiting denitrification.  
Other studies have reported a strong increase of N2O and N2 emissions with root 
growth during the first 20-30 days after emergence (Klemedtsson et al., 1987; 
Senbayram et al., 2020; Stefanson, 1972). However, with increasing plant growth, soil 
NO3- content and N2O emissions decreased (Haider et al., 1985). Similar to our study, 
von Rheinbaben and Trolldenier (1984) reported reduced denitrification with optimal 
plant growth whereas high N2O production was observed only when reduced crop 
growth restricted water and NO3- uptake. Potentially, Corg availability from 
rhizodeposition stimulates denitrification only in the early stages of plant growth when 
plant N uptake is low and NO3- is abundant in soil. With increasing plant and root 
growth, N uptake increases and lower NO3- availability restricts denitrification although 
Corg is readily available. 
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In both litter experiments, the addition of litter increased CO2 emissions compared to 
control treatments indicating higher C availability and higher microbial activity (chapter 
2 and 3). Furthermore, litter chemical quality affected CO2 emissions: total CO2 
emissions increased with input of water-soluble C (Chapter 2) and litter with a high 
share of easily degradable C compounds led to increased microbial C use from litter 
(Chapter 3).  
Tillage often increases soil mineral N content (Höper, 2002; Kristensen et al., 2003). 
Similarly, mixing of soil after plant growth or pre-incubation enhanced mineralization of 
organic N (Chapters 2 and 3). When easily degradable litter was added, N 
mineralization was higher than in control treatments without litter addition. In contrast, 
addition of litter with high C:N ratio or low share of easily available N led to an 
immobilization of N. When soil NO3- content was low, immobilization restricted gaseous 
N losses while mineralization strongly increased N2O emissions (Chapter 2). When 
NO3- was abundant in soil, immobilization of N led to a lower N2O/(N2O+N2) ratio, but 
total gaseous N loss per unit C input were comparable (Chapter 3).  
Interestingly, the effect of maize roots on N emissions was different in both studies 
presented. While addition of maize roots immobilized N and limited N2O emissions in 
chapter 2, it mineralized N in chapter 3. However, quality of maize roots from both 
studies was not comparable. While maize plants had been grown in soil in chapter 2, 
for chapter 3, maize plants had been cultivated in nutrient solution. Although the C:N 
ratio was in a similar range, the amount of water-soluble C and N was much lower in 
the soil-grown roots compared to the solution-grown roots. Potentially, root morphology 
was affected by growth medium and soil-grown roots may be harder to decompose 
than solution-grown roots. Accordingly, the results from chapter 3 give insights about 
litter quality effects but should not be extrapolated to soil-grown roots.  
In contrast to other studies (Baggs et al., 2000; Chen et al., 2013), N2O emissions 
could not be estimated by litter C:N ratio. In chapter 2, C:N ratio of residues was similar 
but variance in N2O emissions could best be explained by water-soluble C content of 
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litter. In chapter 3, cumulative N emissions increased with total C input irrespective of 
litter C:N ratio. However, litter C:N ratio (especially water-soluble C:N ratio) correlated 
with NO emissions from nitrification during the oxic incubation phase and the 
N2O/(N2O+N2) ratio of denitrification during the anoxic phase. Litter quality, especially 
litter C:N ratio, governs whether N is mineralized or immobilized during decomposition. 
In the initial stage, water-soluble and easily degradable C and N compounds are 
decomposed (Kögel-Knabner, 2002). Accordingly, litter quality controls C and N 
availability in soil which, in turn, regulates nitrification, denitrification, and gaseous N 
losses. This was confirmed by the study presented in chapter 2 where N2O emissions 
were highest, when both NO3- and WEOC were high after addition of easily degradable 
litter. Furthermore, the ratio of available C to NO3- controls the ratio of the gaseous end 
products of denitrification N2O/(N2O+N2) (Firestone, 1982; Morley et al., 2014; Qin et 
al., 2017). When NO3- availability was limiting denitrification in chapter 1, N2 was the 
dominant end product of denitrification. In contrast, N2O was the main end product of 
denitrification during anoxic incubation conditions, as high NO3- availability restricted 
N2O reduction to N2 in chapter 3. The N2O/(N2O+N2) ratio from anoxic incubation was 
positively correlated with the ratio of soil WEOC:NO3- at the end of the experiment 
confirming that the ratio of available C to N is a major control of denitrification product 
stoichiometry. 
Effect of plants and O2 availability on the contribution of different processes to 
N2O formation  
N2O is an end or by-product of several N cycling processes (Baggs, 2011; Butterbach-
Bahl et al., 2013; van Groenigen et al., 2015; Wrage-Mönnig et al., 2018) with 
denitrification and nitrification being the most important ones in terms of amounts of 
N2O lost to the atmosphere (Reay et al., 2012). In soils, both processes contribute to 
N2O formation in varying fractions depending largely on oxygen partial pressure (pO2). 
Nitrification is an obligate aerobic process (Stein and Klotz, 2016), while fungal 
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denitrification often takes places under microaerobic conditions (Lavrent’ev et al., 
2008), and bacterial denitrification dominates under strongly anoxic conditions 
(Hayatsu et al., 2008). Accordingly, bacterial denitrification became the dominating 
source of N2O under anoxic incubation conditions in chapter 3. Under natural 
conditions, soil moisture is an important controller of O2 availability as it restricts 
diffusion of gases in soil (Schlüter et al., 2018). Thus, nitrification is considered the 
main N2O source in dry soils, while denitrification mostly accounts for N2O formation in 
soils over 60% WFPS (Davidson, 1991; Linn and Doran, 1984). Accordingly, the 15N 
enrichment of soil-emitted N2O showed that most N2O derived from denitrification in the 
Maize S treatment where soil moisture was highest (Chapter 1). In the other 
treatments, unlabeled organic N was mineralized and diluted the labeled NO3- pool 
indicating that nitrification, nitrifier denitrification, and coupled nitrification-denitrification 
may have contributed to N2O formation (van Groenigen et al., 2015; Wrage-Mönnig et 
al., 2018; Wrage et al., 2001), while denitrification mostly took place in anoxic 
microsites where labeled NO3- was not diluted by nitrification.  
Similarly, in chapter 3, most denitrification occurred in anoxic hotspots where O2 and 
NO3- diffusivity were limited. Analysis of N2O isotopomers and NO/N2O ratio showed 
that nitrification, bacterial and fungal denitrification contributed to N2O formation during 
the oxic incubation phase. While nitrification largely contributed to NO and N2O 
formation in Control, in litter-amended treatments most N2O originated from bacterial 
denitrification, which further supports the concept of plant litter associated anoxic 
hotspots for denitrification.  
Soil moisture was lower (~49 % WFPS) in the incubation study in chapter 2 compared 
to chapter 3 (~70 % WFPS). Nevertheless, addition of easily degradable litter strongly 
increased N2O emissions. In this study, increased N2O emissions were mainly 
associated to the formation of anoxic hotspots due to increased O2 consumption after 
crop residue addition (Chen et al., 2013; Kravchenko et al., 2017). However, high 
mineralization rates after addition of easily degradable litter indicate that nitrification-
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derived N2O emissions (including nitrifier denitrification) contributed substantially to 
N2O emissions (Anderson et al., 1993; Hu et al., 2016; Papen et al., 1989; Wrage et al., 
2001; Zhang et al., 2015). Furthermore, addition of plant litter may have promoted fungi 
which often contribute to N2O formation after litter addition (Chen et al., 2015; 
Senbayram et al., 2018) and under slightly anoxic conditions (Laughlin and Stevens, 
2002; Lavrent’ev et al., 2008). Analysis of the soil-inhabiting microbial community 
revealed that easily degradable litter promoted fast-growing C-cycling and N-reducing 
bacteria (Chapter 2). However, in studies with high NO3- and Corg availability, high 
fungal contribution was reported (Laughlin and Stevens, 2002; Senbayram et al., 
2018). Altogether, this thesis showed that pO2, NO3- and Corg availability affect the 
share of nitrification, fungal and bacterial denitrification, but all processes may 
contribute simultaneously to N2O emissions occurring in adjacent hotspots. 
Conclusions and Outlook 
The studies presented in thesis show that plants and plant litter have the potential to 
increase N2O emissions from nitrification and denitrification. While healthy growing 
plants decreased soil moisture and NO3- content restricting N2O emissions, high 
denitrification-derived N2O+N2 emissions were measured from poorly growing plants 
with lower water and NO3- uptake. As NO3- was the limiting substrate for denitrifiers, 
Corg availability did not affect N2O+N2 emissions. To better understand the interactions 
between water and N uptake and C deposition on denitrification and other N cycling 
processes, further studies with in-situ measurements of soil gases (CO2, NO, N2O, N2) 
and soil conditions (WFPS, mineral N, Corg, WEOC) are needed. Next, mitigation 
strategies can be developed focusing on fertilizer formulation and application, crop 
management strategies, and plant breeding.  
Addition of plant litter increased N2O losses compared to unamended control in both 
studies. When NO3- was limiting, mineralization of easily degradable litter strongly 
increased microbial respiration leading to the formation of anoxic hotspots, although 
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the soil was relatively dry. Hence, denitrification, nitrification and coupled processes 
contributed to N2O formation. Similarly, in the second litter study, most denitrification 
occurred in anoxic hotspots where N2O was directly reduced to N2. Nitrification 
contributed to NO and N2O formation in the beginning of the incubation with a 
subsequent shift towards fungal denitrification. The quality of maize litter, especially the 
share of directly available C and N, controlled N2O+N2 formation and the N2O/(N2O+N2) 
ratio, although NO3- was not limited.  
Bacterial denitrification mostly occurred in anoxic microsites while nitrification and 
fungal denitrification contributed to N2O formation in the surrounding soil unless 
conditions were fully anoxic. Understanding N cycling processes in soil is a crucial step 
to minimize N2O emissions from agricultural soils and restrict climate change. 
Accordingly, more studies measuring N2 emissions and product ratios (N2O/(N2O+N2), 
NO/N2O) are needed to determine full N budgets and denitrification-derived N losses. 
Future studies should thus focus on identifying N2O-emitting processes and include 
measurements of all gaseous N losses (NO, N2O, N2). 
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SUMMARY 
Agricultural soils are the largest anthropogenic source of nitrous oxide (N2O) – a potent 
greenhouse gas that is primarily originating from the microbial processes denitrification 
and nitrification. While denitrification mainly occurs when O2 partial pressure (pO2) is low, 
nitrification is a strictly aerobic process. The presence of plants strongly alters both N 
cycling processes in soils by affecting C and N availability for microorganisms.  
Growing plants take up N from the soil competing with microorganisms for available N. 
At the same time, plant roots exude organic C compounds increasing Corg availability in 
rooted soils, thus controlling the main substrates for denitrification. The first chapter of 
this thesis investigated the effect of NO3- uptake and Corg exudation on total and 
denitrification-derived N2O emissions. Healthy growing plants decreased soil moisture 
and NO3- content which restricted N2O emissions. In contrast, high denitrification-derived 
N2O+N2 emissions were measured from poorly growing plants with lower water and NO3- 
uptake. As NO3- was the limiting substrate for denitrifiers, Corg availability did not affect 
N2O+N2 emissions. 
After harvest, plant litter is incorporated into the soil increasing C availability for 
microorganisms. Depending on its chemical quality (C:N ratio, C compounds), litter may 
lead to increased NO3- availability from mineralization or to immobilization of N to 
decompose C compounds. In both studies presented, addition of plant litter increased 
N2O losses compared to the unamended control. In chapter 2, water-soluble C from litter 
together with NO3- from mineralization controlled both CO2 and N2O emissions. 
Increased microbial respiration reduced pO2 leading to the formation of plant litter 
associated hotspots for denitrification when both Corg and NO3- were available. In chapter 
3, N2O+N2 emissions increased linearly with litter C input. Litter C:N ratio controlled 
mineralization and immobilization and the N2O/(N2O+N2) ratio although NO3- was not 
limited. During the oxic incubation phase, most denitrification took place in anoxic 
hotsports where N2O was directly reduced to N2. When N was mineralized, nitrification 
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contributed to NO and N2O formation with a subsequent shift towards fungal 
denitrification in litter-amended soil.  
Altogether, these studies showed that the presence of plants increased C availability for 
soil microorganisms, while N availability depended on plant N uptake and mineralization. 
However, only when both NO3- and Corg availability were high, high denitrification-derived 
N2O emissions were detected. Furthermore, the ratio of available C to available NO3- 
controlled the product ratio of denitrification N2O/(N2O+N2), and together with pO2 
affected the share of nitrification, bacterial and fungal denitrification to N2O formation.   
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ZUSAMMENFASSUNG 
Landwirtschaftliche Böden sind die größte anthropogene Lachgasquelle (N2O). N2O ist 
ein starkes Treibhausgas, dass größtenteils in den mikrobiellen Prozessen Nitrifikation 
und Denitrifikation entsteht. Während Denitrifikation hauptsächlich stattfindet, wenn 
Sauerstoff (O2) knapp ist, ist die Nitrifikation ein strikt aerober Prozess. Pflanzen 
beeinflussen beide N-Umsetzungsprozesse indem sie die Verfügbarkeit von C und N für 
Mikroorganismen verändern.  
Wachsende Pflanzen nehmen N aus dem Boden auf und konkurrieren dabei mit 
Mikroorganismen um verfügbaren N. Gleichzeitig scheiden Pflanzenwurzeln C-haltige 
Verbindungen aus und erhöhen die C-Verfügbarkeit im Boden. Dadurch beeinflussen 
Pflanzen die beiden wichtigsten Substrate für die Denitrifikation. Im ersten Kapitel dieser 
Dissertation wurde der Einfluss von NO3--Aufnahme und Corg-Exudation auf die 
gesamten und aus Denitrifikation stammenden N2O Emissionen untersucht. Gesunde, 
wachsende Pflanzen verringerten die Bodenfeuchte und den NO3 --Gehalt, sodass nur 
geringe N2O Emissionen gemessen wurden. Im Gegensatz dazu wurden hohe N2O+N2 
Emissionen aus Denitrifikation gemessen, wenn die Pflanzen schlecht wuchsen und ihre 
Wasser- und NO3--Aufnahme geringer war. Da NO3- das limitierende Substrat für die 
Denitrifikation war, hatte die Corg-Verfügbarkeit keinen Einfluss auf die N2O+N2 
Emissionen. 
Nach der Ernte werden Pflanzenrückstände in den Boden eingearbeitet und erhöhen die 
C-Verfügbarkeit für Mikroorganismen. Abhängig ihrer chemischen Qualität (C:N 
Verhältnis, C-Verbindungen) können diese Erntereste sowohl zu erhöhter NO3--
Verfügbarkeit durch Mineralisierung organischer Verbindungen führen als auch zu 
Immobilisierung von N um C-Verbindungen abzubauen. In den beiden vorgestellten 
Studien wurden höhere N2O Emissionen mit Erntereste n gemessen als in der Kontrolle. 
Im 2. Kapitel wurden die N2O und CO2 Emissionen hauptsächlich durch den Anteil an 
wasserlöslichem C aus den Ernteresten und durch NO3--Verfügbarkeit aus 
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Mineralisierung beeinflusst. Ein Anstieg der mikrobiellen Atmung führte zur Bildung von 
Hotspots für die Denitrifikation, wenn sowohl NO3- als auch Corg verfügbar waren. Im 3. 
Kapitel stiegen die N2O+N2 Emissionen mit steigendem C-Input aus Ernteresten linear 
an. Das C:N Verhältnis der Streu beeinflusste die Mineralisierung bzw. Immobilisierung 
und das N2O/(N2O+N2) Verhältnis, obwohl NO3- nicht limitierend war. Während der 
oxischen Inkubationsphase fand die meiste Denitrifikation in anoxische Hotspots statt 
wo N2O direkt zu N2 reduziert wurde. Wenn N mineralisiert wurde, trug Nitrifikation zur 
Bildung von NO und N2O bei, während pilzliche Denitrifikation mit fortlaufender 
Inkubationszeit zunahm.  
Insgesamt zeigen diese Studien, dass Pflanzen die C-Verfügbarkeit für 
Bodenmikroorganismen erhöhen, während die N-Verfügbarkeit von der N-Aufnahme der 
Pflanzen und der N-Mineralisierung im Boden abhängt. Nur wenn sowohl NO3- als auch 
Corg verfügbar waren, wurden hohe N2O Emissionen aus Denitrifikation gemessen. 
Außerdem war beeinflusste das Verhältnis an verfügbarem C zu NO3- abhängig das 
Produktratio der Denitrifikation N2O/(N2O+N2) und zusammen mit der O2-Verfügbarkeit 
die Anteile von Nitrifikation, bakterieller und pilzlicher Denitrifikation an der 
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